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ABSTRACT 
 
 
 
 High hardness and high strength of materials are essential for advanced engineering 
applications to guarantee the safety and durability of the manufactured products. The hard turning 
process enables the machining of hardened materials which makes it one of the most widely used 
operation in automobile and heavy machinery industries. However, the problem with the hard turning 
is extreme machining conditions such as high cutting force and temperature generation leading to 
accelerated tool wear. Cubic boron nitride (CBN) is the essential insert of the hard turning operations. 
However, due to the higher production cost of CBN cutting tool, its performance should be 
maximized to achieve the higher machining and economic efficiency.  
The cryogenic liquids were mainly applied to machining of difficult-to-cut materials. The 
cryogenic liquids such as liquid nitrogen and carbon dioxide have been used as the cutting fluids to 
remove the heat generated in the cutting zone. Furthermore, some researchers have found that the 
textured (or patterned) functional surfaces can improve the frictional and tribological conditions 
between the two contacting surfaces. Hence, a proper development of the textured surfaces on the 
cutting tool can enhance the machining performances in the hard turning process. 
This dissertation presents a framework for the development of a numerical model and 
experimental investigations for enhancing the performance of the hard turning process using a 
cryogenic coolant and micropatterned tool. The first of this research presents the developed cutting 
model based on the modified Oxley’s theory. The cooling effects of cryogenic coolant were included 
in the model by implementing the proper heat transfer coefficient. Thermal effects generated in the 
primary and secondary zones were also modeled using the moving heat source technique. The model 
provides the predictions of cutting force, temperatures and tool wear, which were validated by 
experimental works. It was found that the use of LN2 coolant can reduce the effect of thermal 
softening in secondary deformation zone, which in turn increases the cutting forces. However, the 
cryogenic cooling mainly contributed the decrease in the diffusive and abrasive wear mechanisms to 
the improvement of tool life. The tool wear of CBN cutting tool was reduced by 20~34% in cryogenic 
cooling condition as compared to dry condition.  
Furthermore, finite element method (FEM) simulations were used to analyze the various 
pattern geometries and dimensions of micropatterned inserts. The simulation results showed that the 
micopatterned tool can decrease the stress distribution, force, and friction in the tool-chip interfaces. 
When the perpendicular and parallel type micropatterned tool having 100 𝜇m edge distance, 100 𝜇m 
pitch size and 50 𝜇m in height was used, the force and the friction was reduced by 6% and 25%, 
respectively. The experiments were conducted using micropatterned tool for the hard turning process 
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and the variations in the chip morphology, cutting force, friction, and tool wear were analyzed. The 
results showed that the micropatterned tool was able to reduce the forces by 18.7%, friction by 34.3% 
and tool wear by 11.4% within the given ranges of experimental conditions.  
The model and the experimental findings of this research can be beneficial for the enhancing 
efficiency of the hard turning processes used in different industries. The techniques developed in this 
work can be further extended to see its applicability in other cutting operations such as drilling and 
milling.  
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CHAPTER 1 
INTRODUCTION 
 
 
 
Metal cutting process is one of the methods to produce the industrial product. Materials 
generally based on metals removed from the workpieces by the dynamic energy of cutting tool (or 
insert). Quite commons for material removal processing are turning, milling, drilling, shaping, 
broaching and grinding [1]. Machine rotates the cylindrical workpieces in surface velocity. Edge of 
cutting insert contacts workpieces and generate chips. During the machining, workpiece behavior 
plasticity deformation and heat generation in tool-chip interfaces. This heat generation is the cutting 
temperature, which closely related to properties of workpiece, tool, tribology, cutting condition, 
cutting coolant, and environment. Surface integrity, chip control, dimension accuracy, and wear 
depended on temperature rise during the turning process. In order to improve cutting efficiency, it is 
important to control the cutting temperature. There reduce temperature using spraying cutting fluid 
such as flood [2-4], minimum quantity lubrication (MQL) [4-6], and cryogenic coolant [4, 7-9]. 
In advanced case of turning process, the hard turning is finish machined of high hardened 
steel(up to 62HRC) using cubic boron nitride (CBN) [10-12] tools, mixed alumina ceramic 
(Al2O3+TiC) [13-15]. The finish turning of hardened steel produces mechanical part: shaft, bearing; 
gear; automobile component; etc. In conventional procedure, high hardness part should be through 
steps as turning process of shape geometry, heat treatment to hardening surface, reshape turning 
process, and grinding for finishing surface. This process requires extending time consuming, increase 
total economic cost. On the other hand, the hard turning is capable of shorten processing steps such as 
roughing and finishing. Thus, it is higher the performance efficiency than conventional manufacturing 
process for high hardness part or components.  
For all advantages of hard turning, it requires still improvement of machining performance. 
In this research, the objectives are to develop the frame works of scientific and systematic analysis 
process for enhancement of tool life in hard turning process.  
 
1.1 Motivation 
Critical issues are high stress, high friction, high temperatures and tool wear of cutting tools 
in hard turning (referred to Figure 1). The machining of hardened steels leads elevated temperature in 
primary, secondary and tertiary plastic deformation zone in tool-workpiece interface [16, 17]. The 
thermal diffusion by the heat generation results in the flaws of insert edge such as built-up edge (BUE) 
formation, adhesion, diffusion wear, and tool failure. Furthermore, the white layer on external surface 
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causes residual stress, unbalance deform-shape. Thus, it is necessary to restrict temperature rise and to 
reduce friction between tool-workpiece during the hard turning process. The defects lead to built-up 
edge (BUE), tool failure, and increasing the total manufacturing cost. Above all, tool materials are 
required to stable in extreme condition. Cubic boron nitride (CBN) tool material is suitable for 
hardened steel because it have high toughness, high hardness, and stable in high temperatures [10-12]. 
However, the fabrication process of CBN tool is very complicated and high manufacturing costs. 
Multiple-steps productions of CBN insert are powder sintering, wire-cut for tip geometry, brazing, 
and grinding. Moreover, a price per CBN tip is costly expensive 5~10 times than other tool materials. 
For this reason, longer tool life is required during the hard turning process.  
According to previous research, there are optimization of cutting condition, coating on tool 
surface, edge preparation, and cutting fluid to improve machining performance in machining of 
hardened steel. Statistical methodology optimized cutting condition of hard turning [18]. Titanium 
(Ti)-based coating materials increase hardness, toughness of tool substrate material. Friction, wear 
and lubrication effects are expected to a better performance with coated tool [19]. Edge preparations 
of tool geometries are hone, chamfer, round edge [20], they prevent chipping, notch and tool breakage. 
However, optimization of cutting condition requires repeated experiment data. Coating on tool surface 
and edge preparation should have supplementary machine and process. Machining technology using 
cutting fluids are able to reduce the cutting temperature efficiently. The cost of cutting fluid occupies 
by 16% of total manufacturing cost [4]. Then, many researchers have tried to diminish usage of 
cutting fluids such as minimum quantity lubrication (MQL), near dry machining (NDM). But, the 
problems of air pollution, harmful health [21] and extra facilities still remain. Consequently, these 
ways have limit to better cost effective, performances, and tool wear. Machining efficiency of hard 
turning should be improved in dry condition.  
Recently, a new machining technology using coolant of very low-temperature has been 
introduced. Cryogenic coolants are liquid nitrogen, carbon dioxide, and others cryogen liquid. The 
cryogenic liquid reaches at -196 OC  and efficiently removes the cutting temperatures. Studies related 
cryogenic machining has conducted mainly cutting of titanium, Inconel, nickel and other alloys. 
However, there are a few research of hard turning under cryogenic cooling condition. No works have 
reported in previous studies about the analysis of thermal, force, and tool wear in hard turning under 
cryogenic cooling condition. The analytical solution to predictive modeling in hard turning will be 
required in hard turning process. Furthermore, a few researches have demonstrated a functional 
texture on tool rake surface. A pattern on insert surface can improve the machining performances. 
Nevertheless, effects of a textured tool have not investigated applying hard turning. In addition, it was 
little studies for FEM simulation of textured cutting tool.  
The objective of this thesis is to enhance tool-life in hard turning process by using cryogenic 
coolant and patterned tool. In order to reach this purpose, the sub-works are: (1) Cryogenic heat loss 
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model and convective coefficients will be defined using theoretical approaches; (2) influences of 
cryogenic cooling on cutting force/temperature will be analyzed in hard turning process; (3) A wear 
rate model based on wear mechanisms in hard turning is developed under cryogenic cooling condition; 
(4) The influences of patterned insert during the hard machining will be analyzed by finite element 
method (FEM) and (5) The cutting force, friction and tool wear will be observed using a patterned 
tool. 
 
Figure 1. Critical issues in hard turning process 
 
1.2 Research outline 
This thesis proposes the improvement of tool-life using cryogenic liquid jet and 
microtextured cutting tool in hard turning process. Whole outline of this thesis is represented in 
Figure 2. The research begins by providing background, motivation, and objectives in Chapter 1. 
Chapter 2 has included previous predictive model of hard turning and cryogenic machining. Moreover, 
there are to observe previous results under cryogenic cooling and micropatterned insert.  
The researches progress to two topics of frameworks via cryogenic coolant and microtextured 
insert. Chapter 3 describes the proposed modeling of cryogenic machining. The temperature 
reductions by cryogenic cooling are modeled. Modeling of temperature rise in shear and frictional 
zone is detailed. Furthermore, the model based on a modified Oxley’s cutting force is developed 
considering tool edge geometries. In addition, mechanical and thermomechanical based tool wear rate 
modeling is described. This model predicts the cutting forces and temperature in 2D orthogonal and 
Tool
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3D oblique cutting process. It was compared among cryogenic cooling and dry condition in hard 
turning process. The predicted modeling in Chapter 3 was validated in practical hard turning process 
during the 2D orthogonal, 3D oblique cutting test in Chapter 4. In addition, tool wear was observed in 
cryogenic cooling condition. Prediction of tool wear and experimental results are reported in Chapter 
4.  
Chapter 5 represents finite element method (FEM) based simulation for microtextured tool. It 
is described to set-up process of FEM, boundary conditions, mechanical and material properties of 
workpiece and tool in the commercial software DEFORM 3D®. Chapter 6, the influences of 
micropatterned tool is studied though experiment work. There are observed for cutting forces, friction, 
chip morphology and tool wear with micropatterned insert. 
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Figure 2. The organizations of research outlines 
Chapter 1. Introduction
Chapter 2. Literature review
Part I. Cryogenic coolant
Part II. Micropatterned insert
Chapter 3.1 
Cryogenic heat loss modeling
Chapter 3.2 
Temperature modeling
Chapter 3.3 
Force modeling
Chapter 3.4 
Tool wear rate modeling
Chapter 3. Predictive modeling
Chapter 4. Validation works
Chapter 4.1 & 4.2
Cryogenic convective coeﬃcients 
& Constants plasicity 
Chapter 4.3 & 4.4
Comparisons of cryogenic cooling 
and dry condition
Chapter 4.5
Comparison of tool wear 
Chapter 5. FEM based simulation of micropatterned insert
Chapter 5.1 & 5.2
Boundary condition and properties
Chapter 5.3
Parameters of simulations
Chapter 5.4
Eﬀects of texture shape, edge distances, pitch sizes, 
height, friction factors
Optimized design for micropatterned insert
Chapter 6. Experimental works of micropatterned insert
Chapter 6.1 & 6.2
Preparation process for 
micropatterned insert
Chapter 6.3 & 6.4
Evaluation process for 
micropatterned insert
Chapter 6.5 
Eﬀects of feed rates and surface velocity 
for cutting forces, frictions, chip morphology, and tool wear
Chapter 7. Summary
Chapter 8. Future works
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1.3 Research proposed plan 
The research proposed that the cryogenic machining and micropatterned insert enhance tool-
life of CBN cutting tool in hard turning process. Specific open questions can contribute to approach 
the processed researches. The question 1~3 are relative to cryogenic-hard turning 4~6 are in micro-
textured insert.  
 
 
Open questions in proposed researches 
 
1. Lack of knowledge heat transfer coefficients when cryogenic cooling is applied in machining.  
2. How analytically approaches thermal effects of cryogenic cooling on cutting temperatures in hard 
turning? 
3. Which wear mechanisms contribute to improve tool wear of cryogenic machining in hard turning? 
4. No reports FEM simulation of micro-textured cutting tool in various conditions 
5. How efficiently fabricate a micro-pattern on tool rake surfaces? 
6. Is it evidences that a micro-texture on tool rake surface can improve machining performances in 
experimentally works? 
 
 
Development of prediction model and validation work for cryogenic cooling condition in 
hard turning process 
 
It will perform development of predictive modeling and experiment work of cryogenic 
machining to find the answer for open question 1~3 (Figure 3). Firstly, equation of heat transfer 
coefficients will define the cryogenic cooling rate with jet cooling condition. The parameters of jet 
cooling are thermal properties of cryogenic coolant, pressure, and nozzle dimensions. Input 
parameters are workpiece properties, tool geometry, and flank wear length. Supposed model included 
modification of Oxley’s cutting theory. Moreover, the moving heat source in primary, secondary, and 
heat loss for cryogenic coolant integrates in modified Oxley’s theory. Predicted cutting force and 
temperature will compare to those of experiments in 2D orthogonal cutting and 3D oblique cutting 
test.  
Flank wear length will measure under cryogenic and dry condition during hard turning 
process. Predictive modeling can calculate stress and temperature on tool flank wear zone. It will 
input the wear rate modeling based on mechanism. Constants of wear rate modeling will be optimized 
by using genetic algorithm in MATLAB. Simulated wear rate will compare to experimental wear data.  
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Figure 3. Proposed research plan for predictive model of cryogenic cooling 
in hard turning process 
 
FEM simulation of patterned insert 
Machining simulation of patterned tool has not been considered for various pattern 
parameters. In this research, the numerical modeling of hard turning will be studied in effects of the 
patterns shape, sizes, and edge distances on cutting force, friction coefficients between tool-chip 
interfaces (Figure 4). The commercial software Deform 3D® will be used to textured tool simulation.  
 
Experimental works of patterned insert 
Cutting tool based on CBN material is very high hardness materials. There is a need for a 
distinct approach to fabricate a micropattern on rake surface. The flowchart of experiment with 
micropatterned insert is in Figure 5. The experiment works will be conducted as Phase 1 and Phase 2. 
It will observe the cutting force and chip-morphology in phase 1. The measured information in chip-
morphology can calculate the friction coefficients. Then, the flank wear will be checked by tool wear 
experiments with variable cutting conditions.  
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Figure 4. The workflow of FEM simulation for micropatterned cutting inserts 
 
 
 
Figure 5. The flowchart of hard turning experiments with micropatterned inserts 
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CHAPTER 2 
LITERATURE REVIEW 
 
 
 
2.1 Modeling of hard turning 
Turning technology for machining of hardened steel (50~70HRC ) is “Hard turning”, which 
can reduce the machining time, uncomplicated processing, and economic advantages. According to 
König et al [22], the hard turning process can economize the production progression. The cutting 
temperature is highly generated in primary, secondary and tertiary deformation zone between tool-
chip interfaces [16, 17, 23, 24]. The high temperature rise helps to hardened metal cutting because of 
thermal softening. However, the tool defects such as adhesion, diffusion wear, fracture, and built-up 
edge (BUE) formation largely grown with high cutting temperature. In addition, the high friction 
between tool-chip interfaces decrease tool life and growing temperature rises. Therefore, it reduces 
the total cycle time and production rate.  
Above all, it is important to understand a cutting and wear mechanism of hardened steel and 
temperature rise. Validated modeling predicts machining performances on various conditions without 
experiments. To better analysis of cutting and wear mechanism, the survey conducted about force and 
temperature model of hard turning.  
The specific cutting coefficients ( fK , nK ) determine the cutting force as followed by 
Equation (1). In this model, the cutting force is proportional to cutting chip area ( cA ).The specific 
cutting coefficient is mathematical regression constants and calibrated by practical database. However, 
the empirical cutting force model depends on workpiece material and experimental cutting data [17, 
25-27].  
Moreover, an equation expresses using statistical relation such as linear, power law, exponent 
regression model, etc. regression curve fitting obtains the mathematical constants of equation from the 
database of experimental cutting test. For instance, the power law regression model is equal to 
Equation (2). 
 
 f f c
n n c
F K A
F K A
=
=
  (1) 
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Where, cF , tF , fF  are the cutting, thrust, and feed forces respectively. The 1 12~C C  are 
power law constants for curve fittings. The cutting speed (V , / minm ), feed rate ( f , . /mm rev ), 
and depth of cut ( pa ,mm ) are expressed as in Equation (2). Consequently, the regression model can 
express mathematical relation between the cutting parameters and cutting forces. Additionally, the 
mathematic analysis technique for cutting force model is Design of Experiments (DOE) such as 
ANOVA, factorial analysis, response surface analysis, Taguchi method, grey-relation analysis and etc. 
However, the statistical analysis for cutting forces require to various practical results, time consuming, 
costs, and limits probability in experiment cutting conditions.  
The plasticity of workpieces modeled to ‘slip-line theory’ during the metal cutting operations. 
The field analysis for slip line is effective to examine inhomogeneous plastic flow. The various 
analytical method of slip-line fields are widely reported in the literature [17, 28-34]. In addition, the 
model based on slip-line theory have been presented to consider tool geometry such as edge radius 
[35] (Figure 6-(a)), chamfer [36, 37], negative rake angle [37] and built-up edge (BUE) [37, 38]. 
However, the slip-line method is very complex and varies depending on hodograph of slip-line field. 
Moreover, it is difficult to define the boundary condition, the assumption for metal cutting.  
Merchant initially introduced the shear plane method [39] (Figure 6-(b)). The metal cutting 
work reduces to a minimum energy along a shear plane angle. This model is assumption such as rigid 
tool. All forces are acting to the end of tool tip. The force component relate to merchant’s force 
diagram. The limitations of shear plane model are that the predicted force poorly agreed with practical 
results. Morcos [40], Mittal [41, 42], Dewhurst [43] have extended the shear plane models.  
In lower boundary method [17], the workpiece is deformed by maximum work of stresses 
equilibrium at tool tip. The upper boundary solution based on the strain increments with fully 
plasticity. The assumptions of both analyses are maximum resistance, constants plastic volume, 
incompressibility, kinematic deformation in workpieces. The DMZ model considers a plastic 
deformation of a stagnant point for ahead of the tool rake face (Figure 7). This model involves the 
extended slip-line field analysis. However, it can be applied when cutting speed is low [28]. Karpat 
[38, 44], Worthington [45], Jawahir [46], Yu long [47], they have studied the DMZ model.  
Oxley [1] have developed the shear zone model to explain cutting mechanisms. Previous 
researchers extended the Oxley’s analytical model to predict cutting force for machining. Huang [48] 
and Karpat [44] proposed the models considering thermal effects during the hard turning process. 
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Huang [48] and Li [49] suggested Oxley’s cutting force model under tool wear effect in hard turning. 
Lalwani [50] have tried to replace the new term eqn  to the strain hardening exponent for Johnson-
cook material constitutive. Xiong [51] represented the algorithm to search a new parameter for 
extended Oxley’s analytical model. This model considers strain, strain rate, temperature of workpieces 
and is based on the slip-line field method. The prediction accuracy of Oxley’s theory is better than 
other theoretical analysis.  
   
                        (a)                                  (b) 
Figure 6. (a) Proposed slip-line field for ploughing forces by Waldorf [35] and 
 (b) Marchant’s forces diagram [39] 
 
 
Figure 7. The hodograph of DMZ model by Karpat [38, 44] 
 
The cutting temperature widely affects aspects of cutting process such as cutting force, 
friction, and even tool wear. In hard turning, the cutting temperature is higher than normal cutting 
process. Therefore, it is important to analysis and measured machining temperature. Initially, Jaeger 
[52] proposed analytical thermal model based on the moving heat source. Hahn [53], Trigger and 
Chao [54], Chao and Trigger [55], Loewen and Shaw [56], they developed the analytical model for 
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steady-stated in machining. Proposed model of Komanduri et al [57, 58] predicted the temperature 
distributions on tool, chip, and workpieces. Recently, Li  [49] represented the cutting temperature 
modeling in near dry machining. Li’s model includes cooling effect, so called “Heat losses” zone. 
Therefore, the moving heat model is suitable for analysis of cooling effectives on metal cutting. This 
model predictive cutting temperatures combined with Oxley’s cutting theory model.  
 
2.2 Modeling of cryogenic machining 
The cutting fluid traditionally used for control temperature and chip flowing. During the past, 
the much of fluid and methods have variously developed such as wet, vegetable oil, Minimum 
Quantity Liquid (MQL), High Pressure Fluid (HPF), etc. The machining process using cryogenic 
liquid (liquid nitrogen, carbon dioxide) has introduced in recent years. The word of ‘cryogenics’ is in 
terms of very low temperatures [59]. The non-toxic in liquid nitrogen provides an environmentally 
friendly process [60]. The prior objective using cryogenic machining is reduction of tool wear and 
cutting temperatures. The machining process generates high temperature in tool-chip interfaces. The 
difficult-to-cut materials such as alloys based on titanium, Inconel, nickel, magnesium, and hardened 
characteristics high tool wear, temperatures.  
Most cryogenic machining process are turning, milling, and drilling process in previous 
researches (Figure 8). Cryogenic types are external, internal, and indirect machining (Table 1). In 
turning process, cryogenic external and internal types are similar process. External and internal 
cooling injects the cryogenic liquids on tool and workpieces. The internal type delivery the cryogenic 
liquid through the internal channel that is nearly located on the tool surfaces. Both types are excellent 
cooling to tool and workpieces. Therefore, the cutting force and shear stress are increased. Indirect of 
turning process is cooling is good and the force is not increased. However, the tool-life of external and 
internal cooling type are excellent tool-life than those of indirect cooling type. In case of milling 
process, external cryogenic cooling is excellent cooling and tool-life. However, the force is increased. 
The internal and indirect cooling type in milling process is just good and marginal of tool-life. The 
reason is that internal type of milling process is cooling on tool but they are not cooling on workpiece. 
Drilling process is similar to milling process.  
 
Figure 8. Practical examples of cryogenic machining types 
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Table 1. Comparisons among the cryogenic machining type 
Process type 
Cryogenic machining type  
External Internal Indirect Dry 
Turning 
Cooling Excellent Excellent Good Poor 
Tool-life Excellent Excellent Marginal Poor 
Force Marginal Marginal Good Good 
Milling 
Cooling Excellent Excellent Good Poor 
Tool-life Excellent Good Marginal Poor 
Force Marginal Good Good Good 
Drilling 
Cooling Excellent Excellent Good Poor 
Tool-life Excellent Good Marginal Poor 
Force Marginal Marginal Good Good 
 
A few previous works have represented analytical results of cryogenic cutting process by 
numerical method. The simulation for cryogenic machining is very complex, thereby the model based 
on orthogonal 2D cutting geometry. It listed in Table 2 to the previous researches of numerical 
modeling in cryogenic machining. The pioneer is Hong et al [61] who predicted the cutting 
temperature of Ti-6al-4V machining with cryogenic cooling. The geometries and heat source 
information are determined from cutting experiment for FE model. The practical outcomes obtained 
the shear angle, chip thickness, and tool-chip contact lengths. Measured cutting forces calculate the 
two heat sources (primary, friction heat source). The average heat transfer coefficient of LN2 jet was 
approximated to be between 23.27~46.47 2/kW m K . The heat transfers take places at cryogenic 
cooling jet positions. For example, the jet position is at tool flank face, the heat transfer boundary 
applied to LD , ED  of Figure 9. The temperature distribution of cryogenic and dry condition can 
predicted as in Figure 10. FE model of cryogenic machining calculated the microstructure and 
residual stress. Davoudinejad et al [62] implement to cryogenic simulation by using AdvantEdge® 
(Figure 11). The heat transfer coefficient is assumed as 46.75 to 5000 2/kW m K  depending on LN2 
jet radius (1~3mm ). This simulation predicted the cutting force and chip formation with cryogenic 
cooling condition. The peak height and valley height is reduced under LN2 cooling (Figure 12). The 
cutting force and friction coefficient increase in the cryogenic turning process. 
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Figure 9. Problem domain for finite element simulation [61] 
 
(a)                               (b) 
Figure 10. Isothermal contours for (a) dry cutting; (b) tool flank cooling [61] 
 
Figure 11. Mesh and Heat exchange area for cryogenic coolant setup using AdvantEdge® [62] 
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Figure 12. Experimental (left) and simulated (Right) serrated chips 
in various cutting conditions at cryogenic machining [62] 
 
Pu [63] represented FE simulation result of cryogenic machining of AZ31B Mg alloy. They 
used a commercial program DEFORM 2D for prediction of affected layers under dry and cryogenic 
cooling (Figure 13). The convection coefficient of cryogenics 5000 2/kW m K  is a good agreement 
with experimental temperatures. This FE model predicted decreasing temperature, small grain size 
and increasing strain under cryogenic cooling (Figure 14 and Figure 15). Rotella et al [64] sets heat 
transfer rate 0.2 2/kW m K  for cryogenic cooling effect during cryogenic machining of AA7075 alloy. 
Another work [64], cryogenic heat transfer 20 2/kW m K  is suitable for machining of Ti-6Al-4V alloy. 
Both studies reported that cryogenic cooling improves hardness and grain size. Umbrello et al [65] 
implement in FE model with heat transfer coefficient which depended on temperatures. The FE model 
predicts the grain refinement by cryo-cooling effect. Pusavec [66] determined surface heat transfer 
coefficients as a function of overheat temperatures (Equation (3)) by experimental observation. They 
combine heat transfer function into FE model (Figure 16).  
In addition, Dix et al [67] analyzed drilling simulation assisted cryogenic liquid including the 
heat transfer coefficient for film boiling (Equation (4)). Bajpai et al [68] set workpiece temperature 
77 K in cryogenic milling simulation. The simulation represented increasing cutting force and to be 
brittleness of chip morphology. Accordingly, simulations predict to effects of cryogenic cooling added 
the high heat transfer rate. Moreover, the FE model (ANSYS, ABAQUS/Explicit, DEFORM 2D, 
AdvantEdge®) analysis the grain size, residual stress, layers, cutting force and temperatures.  
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Figure 13. Mesh and boundary conditions for the FE model using DEFORM 2D [63] 
 
 
 
Figure 14. Variation of (a) predicted temperature and (b) strain with depth from the machined surface 
under different machining conditions (V = 100 m/min, f = 0.1 mm/rev) [63] 
 
 
 
Figure 15. FE model: mesh, boundary conditions, cooling strategies/locations (blue) and temperature 
extraction points by using Abaqus/explicit [66] 
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Figure 16. Influence of cryogenic fluid on temperature distribution and material velocities in 
machining of Inconel 718 material, comparing different delivery locations and nitrogen phases 
  (Vc = 35 / minm ; uncut chip thickness h = 0.15mm ; uncut chip width b = 2mm ) [66] 
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Where, kd  is the tube diameter; mQ , mλ , mη , flQ , ,p mc , dl  are material properties of 
the 2N  gas layer; g  the gravitation.  
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Table 2. Literature review lists of cryogenic machining model 
Software Machining process 
Workpiece 
/tool 
materials 
Heat  
transfer rate  
( 2/kW m K ) 
Cutting 
condition 
[Vs ( / minm ) 
/f ( /mm rev ) 
/ap (mm )] 
Result 
analysis Ref. 
Ansys® 2D  Ti-6Al-4V/carbide 23.27~46.47 
60~150/0.254/
1.27 
Temperature  
distribution 
Hong et al 
[61] 
AdvantEdge® 2D  
Ti-6Al-4V/ 
TiAlN 
coated 
carbide 
46.75~5000 40~50/0.2~0.3/1.6 
Temperature  
distribution/ 
Cutting force/ 
Chip 
formation 
Davoudin
ejad et al 
[62] 
DEFORM  
2D® 2D  
AZ31B  
Magnesium/ 
carbide 
5000 100/0.1/- 
Temperature  
distribution/ 
Cutting force/ 
Chip 
formation/ 
Micro 
structure 
Pu [63] 
DEFORM  
3D® 3D  
AA7075/ 
carbide 20 
180~720/0.1/0.
5 
Cutting force/ 
Micro 
structure 
 
Rotella et 
al [64] 
DEFORM  
2D® 2D  
Ti-6Al-4V/ 
TiAlN 
coated 
carbide 
20 70~150/0.05~0.1/- 
Cutting force/ 
Micro 
structure 
Rotella et 
al [64] 
DEFORM  
2D® 2D  
AISI 
52100/CBN Equation (3) 150/0.125/- 
Micro-
structure 
Umbrello 
et al [65] 
Abaqus 
/explicit® 2D  
Inconel 718/ 
TiAlN 
coated 
carbide 
Equation  
(4) 35/0.15/2 
Temperature  
distribution/ 
Cutting force 
Pusavec 
[66] 
DEFORM  
3D® Drilling 
42CrMo4 
steel/carbide 
Equation 
(5) 105/0.21/- 
Temperature  
distribution/ 
Cutting force 
Dix et al 
[67] 
Abaqus 
/explicit® Milling 
Ti-6Al-
4V/CrTiAlN 
coated 
carbide 
Workpiece 
temperature 
constant 
 @ 77k 
25/0.05/0.05 
Cutting force/ 
Chip 
morphology 
Bajpai et 
al [68] 
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2.3 Experiment works in cryogenic machining 
The review lists of cryogenic machining represented in Table 3. Courbon et al [69] reported 
that the liquid nitrogen injecting reduces friction coefficient and heat flux between materials of tool 
and workpiece (Figure 17 and Figure 18). However, the reduction mechanisms cannot be fully 
understood. Shane et al [70] observed friction behavior by sliding contact experiment. The frictions of 
LN2 condition with Ti-6Al-4V and AISI 1018 materials are lower than dry condition at various 
sliding speed. LN2 attribute to lubrication effect on contact by micro-scale hydrostatics. El-Tayeb et al 
[71] developed the surface response model (RSM) of friction behavior for Ti-6Al-4V and Ti–5Al–
4V– 0.6Mo–0.4Fe against tungsten carbide. The results show that the cryogenic fluid introduces a 
reduction of friction coefficients. Natasha et al. [72] investigated the effect of LN2 turning of AISI 
4340 steel. Observation of chip formation calculated the coefficient of friction under dry and 
cryogenic condition. Reduction of friction factor significantly indicated the lubrication capability. 
Therefore, the cryogenic liquid attribute to lubrication effects in various materials.  
 
 
Figure 17. (a,b) pin on bar contact configuration, (c) cryogenic delivery system and nozzle oriented in 
front of the friction pin and (d,e) instrumentation of the pin holder [69] 
 
 
Figure 18. Influence of cryogenic lubrication on the apparent friction coefficient between Inconel 718 
and a TiN coated carbide pin [69] 
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The fracture toughness and yield strength of tool material increased at low-temperature by 
cryogenic liquid [73-75]. Wang et al [76] conducted the experiment of hard-to-cut materials with LN2. 
Reduction in the flank wear remarkably shown in machining of Ti-6Al-4V, Inconel 718 and tantalum. 
In addition, LN2 machining contributes to prevent built-up edge (BUE) during Ti-6Al-4V cutting 
process. Hong, Shane et al [61] (Figure 19-(a)) and Bermingham [75] explained that the cryogenic 
coolant delivered to the flank face could reduce abrasive wear rate on tool during Ti-6Al-4V turning 
process. Dhar et al. [77] found that cryogenic jet machining of AISI 4037 showed the lesser tool wears 
than wet machining condition (Figure 19-(b)). Further, Khan et al [78] applied liquid nitrogen coolant 
to turning of AISI 304 stainless steel. The tool life in cryogenic condition improves four times 
compared with dry condition. Additionally, the best tool life is cryogenic jetting between flank face 
and workpiece. The lowered temperature of cryogenic cooling prevents built-up-edge (BUE) and 
gives the chip breakages (Figure 20). Ghosh et al [79] reported a dramatic increase in tool life of 
alumina ceramic by cryogenic coolant (Figure 21). Dhananchezian [80] investigated that cryogenic 
cooling by liquid nitrogen is decreased in 61–66% comparison with wet machining. By reduction of 
cutting temperature, tool wear and cutting force can be improved as much as 35~42% over wet 
machining. Most of researches has represented that the cryogenic cooling method could assign an 
improved tool wears during machining process such as grinding [81], milling [82-84], drilling [85]. 
       
   (a)                                   (b) 
Figure 19. Reduced temperature between tool-chip interface during machining of (a) Titanium alloy 
[61] (b) steel [77] 
         
                       (a)                                    (b) 
Figure 20. (a) Reduced built-up edge (BUE) by LN2 [75] (b) chip formation in dry (left) and 
cryogenic (right) [86] 
Vc = 800 ft/min
Dry conition Cryogenic condition
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Figure 21. (a) Al2O3 ceramic tool life, (b) PCBN too life comparisons in machining of AISI52100, 
and (c) A2 steel (Dry, Flood, LIN) [79] 
 
The cryogenically cooling can improve the cutting temperature and chip breakings. Dhar et al 
[77] provided the results of steels which the reduction of cutting temperature using cryogenic jet 
attribute to decreasing in contact length of tool-chip, beneficially chip breaking and improving the 
heat transfer coefficient. Moreover, Shane et al [61] applied LN2 cooling to the tool cutting edge. In 
his results, the tool temperature decreased depending on targeting location. The most wear mechanism 
is diffusivity to tool materials during the Ti-6Al-4V machining. The reduced temperature by targeting 
point affects to improve tool wear. Therefore, the best effect method is in cryogenic rake & flank 
cooling. Consequently, cryogenic cooling method lead to reduction in the cutting temperature, hence 
improving tool wears. 
 
 
 
 
 
 
 
(a)
(b)
(c)
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Table 3. Lists of literature review for cryogenic machining 
Machining 
process 
Workpiece 
/cutting tool material 
Cutting condition 
[Vs ( / minm ) 
/f ( /mm rev ) 
/ap (mm )] 
Improved results 
by cryogenic 
coolant 
Ref. 
Sliding  
AISI 1018, Ti-6Al-4V/ 
TiCN coated, non-coated 
carbide 
AISI 1018(120~300/-/-) 
Ti-6Al-4V(30~90/-/-) 
Load – 65 N/625 N 
Friction  
coefficient 
Shane  
et al 
 [70] 
Apparent 
Inconel 718,  
Ti-6Al-4V/ 
TiN coated,  
non-coated carbide 
10~100/-/- 
Load – 1000 N 
Friction  
coefficient 
Courbon  
et al [69] 
Sliding 
Ti-6Al-4V,  
Ti-5Al-4V-0.6Mp-0.4Fe/ 
carbide 
7.77~58.26/-/- 
Load – 6.4~22.96 N 
Friction  
coefficient 
El-Tayeb  
et al [71] 
Turning AISI 4340 /Carbide 120/0.3/1.0 
Friction 
coefficient/chip 
breakability 
Natasha  
et al [72] 
Turning Ti-6Al-4V /carbide 60~150/0.254/1.27 
Cutting  
temperature 
Shane  
et al 
 [61] 
Turning 
A2 steel (62HRC), AISI 
52100 (52~56HRC)/ 
Al2O3 ceramic, PCBN 
A2 steel-Al2O3 ceramic 
(198~230/0.1~0.18/0.2~0.64) 
AISI 52100-PCBN 
(198~244/0.1~0.13/0.2~0.64) 
Tool wear/surface 
roughness 
Ghosh  
et al [79] 
Turning Ti-6Al-4V/carbide 125/0.15~0.36/1.1~2.7 
Cutting force/tool 
wear/contact 
length 
Bermingham 
[75]  
Turning 
RBSN, Ti-6Al-4V, 
Inconel 718, 
tantalum/PCBN 
21~312/0.08~0.2/0.08~1 
Cutting 
force/temperature 
/tool wear 
Wang  
et al. [76] 
Turning 
AISI 4037/ 
TiCN+Al2O3 coated 
carbide 
165~264/0.10~0.20/1.5 
Cutting 
temperature/ 
tool wear/surface 
roughness 
Dhar et al 
 [77] 
Turning AISI 304/coated carbide 180/0.2/1 Tool wear/surface roughness 
Khan et al 
 [78] 
Turning Ti-6Al-4V/ TiAlN coated carbide 27~97/0.159/1 
Cutting 
temperature/force 
/tool wear/surface 
roughness 
Dhananchezian 
[80] 
Milling AISI H2(52HRC)/ TiAlN coated carbide 75~125/0.02/2 
Cutting 
temperature/force 
/tool wear/surface 
roughness 
Ravi 
 [82] 
Milling Ti-6Al-4V/ TiCN coated carbide 
400/0.1/ 
(radial ap-5.0) 
/(axial-ap-1.0) 
Flank wear Su et al   [83] 
Milling Ti-6Al-4V/ CrTiAlN coated carbide 25~50/0.05/0.05 
Flank wear 
/Chip morphology 
Lee 
 [84] 
Drilling CFPR/non-coated carbide 40~60/0.025~0.05 Corner wear 
Xia  
[85] 
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2.4 FEM based simulation/experiment work of patterned cutting tool 
In hard turning process, the tool edge geometry affects to cutting force, tool wear, and cutting 
temperatures. The literatures of simulation and experiment for patterned insert listed in Table 4. The 
commercial cutting tools have three major types [20] of edge preparations [(1) up-sharp edge; (2) 
hone or round edge; (3) T-land/chamfer edge] (Figure 22). The hone edges enhance the notch, 
chipping, Built-Up Edge (BUE), and impact resistance [20, 87, 88]. A chamfer edge improves tool 
breakage, chipping, tool-life as being increased strengthens [20, 88, 89]. The microgeometry [90, 91] 
added on turning tool edge reduce heat generation, tool wear and plastic strain of workpieces (Figure 
23). Denkena and Biermann [92] broadly reviewed machining performances with the tool edge 
microgeometry. In various cutting process, the cutting edges can contribute to enhance force, chip 
formation, wear, and surface integrities.  
 
Figure 22. Typical CBN cutting edge geometries [20] 
 
   
Figure 23. Comparison of tool wear experiments with simulations [90] 
 
Up to recently, the fundamental research of surface texturing improves tribology 
characteristics of mechanical parts. Etsion [93] studied theoretical /experimental observation of the 
micro-dimples using laser surface texturing (LST). The test results show physical friction reduction 
and increasing in seal life. Rashwan [94] analysis tribological performance by micro-surface texturing 
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in dry sliding contact condition. The friction coefficient, adhesion force and mechanical deformation 
between two components were improved by reduced real contact of surface texture. Xing et al [95] 
observed the tribological properties of textured surface under dry condition. Ball-on-disk sliding wear 
test show the reduction in friction of textured Si3N4/TiC ceramics. FEM results explained that the 
surface texture could improve the stress distribution on contact surface. Yuan et al [96] designed the 
microgrooved surfaces which performed to reduce friction due to hydrodynamic effect, contact stress 
and lubrication supplement (Figure 24 and Figure 25). Wu et al [97] compared textured surface filled 
with solid lubrication to smooth surface under dry sliding condition. This result also improves friction 
coefficient. Overall, texture or patterned surface can improve tribological characteristic.  
 
 
Figure 24. Optical microscope image and 3D profile of the micro-grooves on the upper specimen [96] 
 
Figure 25. Orientation effect of micro-grooves at different contact pressures 
  (a) 0.12 MPa  (b) 0.5 MPa  [96] 
 
Micropattern has been applied to machining technology. There are various preparation 
methods for textured tool. The methods successfully fabricate the patterns on rake or flank of surfaces. 
Obikawa et al [98] investigated the effect of micro-patterned on the tool rake surface in machining of 
aluminum alloy (Figure 26). The micropattern was fabricated by photolithography with DLC or TiN 
coating materials. Chang et al [99] (Figure 27-(a)) investigated flank wear and cutting force in 
microstructured milling slot process. The perpendicular microstructure to cutting edge has better 
resistance wear. Koshy et al [100] fabricated surface texturing using electro discharge machining 
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(EMD) (Figure 27-(b)). The results represented that textured cutting tool decrease the friction, tool 
wear with linear patterns. Jiang [101] performed CBN particle coating to tool surface using 
electrostatic-field-assisted assembly. A 3D-coating tool is better wear resistance and surface finish. 
Xie et al. [102] used V-tip grinding process to fabricate micro-grooves on tool rake surfaces (Figure 
28). 
 
  
Figure 26. Pattern by coating method (Obikawa et al [98]) 
   
 (a)                                       (b) 
Figure 27. (a) Texturing using FIB ion beam [99] and (b) EDM machined textures [100] 
 
(a) micro-grinding scheme        (b) ground microgrooved 
Figure 28. Fabrication of micro-grooves on tool rake surface through the micro-grinding with a 
diamond wheel V-tip: (a) micro-grinding scheme and (b) ground microgrooved [102] 
 
In previous research, there are various patterns on rake or flank faces. Most of surface is rake 
on tool rake surfaces for patterns. Kawasegi et al [103] developed micro and nanoscale textures on 
tool surfaces by using a femtosecond laser (Figure 29 and Figure 30). The patterns decrease cutting 
EDM
72A
133us
100V
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force and friction to reduce contact length between tool-chip interfaces. The parallel and square-dot 
pattern improved the lubrication effects under wet condition. Above all, the cutting edge distance is 
important to enhance cutting performance with surface texture insert. Sugihara et al [104] proposed a 
banded micro/nano texture on diamond-like carbon (DLC)-coated tool surface. It is able to the anti-
adhesive effects during face-milling process of aluminum alloy. Particularly, Sugihara et al [105] 
developed micro-grooved structures on flank surfaces of CBN cutting tools (Figure 31).  
 
 
Figure 29. (a) Perpendicular (b) Parallel and (c) Rectangular textures [103] 
 
Figure 30. (a) microtexture (pitch = 10 m), (b) nanotexture (pitch = 800 nm) patterned by a 
femtosecond laser. Measured cross section of patterns for (c) microtexture and (d) nanotexture 
measured under an atomic force microscope [103] 
 
Figure 31. Tool with micro-grooves on flank surface of CBN [105] 
 
The patterned cutting tool improves the cutting, friction, wear and contacts lengths. Obikawa 
et al [98] shows that cutting force, frictions (Figure 32-(a)) and contact lengths (Figure 33-(a)) 
decreased with micro-textured tool in dry and wet conditions. According to Xie et al [102], frictions, 
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forces, and cutting temperatures were remarkably reduced by grooved cutting tools. In his works, the 
air space of texture contributes to decrease the cutting force and frictions. The reduction of friction 
and cutting force generated lowered temperatures during machining. Sugihara et al [103] developed 
micro, nanoscale textured tool. They are available to reduce the friction and cutting forces (Figure 32-
(b)). Wu et al. [106] explained that the textured tool have self-lubricating film to reduce friction 
coefficients and cutting temperatures between tool-chip interfaces. Therefore, textured tool can 
decrease the cutting temperatures. Sugihara et al [107] express the results of reduction in flank tool 
wears using developed microtextured tool (Figure 33).  
 
(a)                                        (b) 
Figure 32. (a) Force and friction factors of patterned cutting tool in dry and wet machining [98] and (a) 
Comparison of the cutting forces required for the nontexutred and textured [103]  
      
                  (a)                                     (b) 
Figure 33. (a) Contact lengths on textured cutting tool [98] and (b) Flank wear widths on textured 
cutting tool [107] 
 
Xie et al [102] measured temperatures on rake surface for traditional and micro-grooved tool 
(Figure 34). The temperature is dramatically decreasing in temperatures on the local positions of 
thermocouples with micro-grooved tool. The reduction of temperatures was similarly observations 
Contact lengths
0.66 mm
Contact lengths
0.58 mm
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depending on grooved depths. However, the temperatures differences between traditional and micro-
grooved tool are almost reaches 62% of reductions. Further, when the lubrication applied to 
machining, the textured tools trap the lubrications in their vacant areas. In previous research, the 
lubrication types for textured tool are solid [108] (Figure 35-(a), (b)), pastes and wet [109] (Figure 35-
(c), (d)). Hydrostatics [110] of lubricating can contribute to improve the machining performance than 
dry condition. However, they should be considering the environment contaminants. 
 
   
                   (a)                                    (b) 
Figure 34. (a) Measuring set-up for tool rake temperatures of micro-grooved tool and (b) Measured 
temperatures in tool tip, local locations [102] 
     
                          (a)                                (b) 
 
                     (c)                              (d) 
Figure 35. (a) Textured cutting tool filled solid lubrication, (b) friction factors [108] (c) cutting paste 
type lubrication and (d) coefficients using cutting paste and wet cutting [109] 
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                                  (a)                               (b) 
Figure 36. Mechanisms of lubrication effects on textured tool [110]  and reduction of friction by 
microtextured tool  
 
The simulation of textured tool was mostly reported by Ma et al [111]. FEM result 
represented that the micro-bumps on tool rake surface can decreased cutting forces (Figure 37). Thus, 
surface texturing cutting tool assigns to performance enhancement in metal cutting. In his others 
works [112, 113], the texture shapes are micro size hole and grooves on tool rake surfaces. The whole 
simulation results show the textured tool may improve the cutting force and friction factors. However, 
they should be found to optimum texture type and dimensions.  
 
 
                        (a)                                 (b) 
Figure 37. (a) Textured cutting tool with microbumps on the rake surface (b) Variations of cutting 
force with microbump width (edge distance = 100 mµ , width-to-height ratio = 4) [111] 
 
  
Micro-bumped toolNon-bumped tool
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Table 4. Lists of literature review for patterned insert 
Machining 
process 
Cutting 
tool 
material 
Workpiece 
materials 
Fabrication 
process 
/pattern type 
/scale 
 (height h ,  
pitch p ) 
Cutting 
condition 
[Vs ( / minm ) 
/f ( /mm rev ) 
/ap (mm ) 
/lubrication] 
Improved 
results by 
surface 
textured tool 
Ref. 
Orthogonal 
cutting CBN Inconel 718 
Femtosecond 
laser 
/Parallel, 
orthogonal 
/micro (h-20
mµ ) 
300/0.1/Wet Flank wear 
Sugihara 
et al 
[105] 
Turning 
WC/Co 
cemented 
carbide 
Aluminum 
alloy 
A6061-T6 
Photolithograph
y TiN or DLC/ 
Perpendicular, 
Parallel, pit, 
dot/ 
micro (h-20~50
mµ , p-0.5~1.2
mµ ) 
240~840/0.1/1 
/Dry, wet 
Cutting force 
/friction 
Obikawa 
et al  
[98] 
Turning HSS 
Steel 
AISI 1045/ 
Aluminum 
alloy 
A6061 
EDM/ 
Linear/ 
micro  
(h-100 mµ , 
 p-100 mµ ) 
2~75 
/0.025~0.1/3 
/Dry, wet 
Cutting 
force/ 
friction/ 
flank wear 
Koshy  
et al 
 [100] 
Turning 
WC/Co 
cemented 
carbide 
AISI 4340 
(52~54HRC) 
electrostatic-
field-assisted 
assembly 
3D coating with 
CBN particle 
1.2 mµ  
150/0.15/0.25 
Dry, wet 
Flank wear/ 
surface 
roughness 
Jiang 
[101] 
Turning 
WC/Co 
cemented 
carbide 
Ti-6Al-4V V-tip grinding 
36~49/0.1~0.3 
/0.1~1.0 
/Dry 
Cutting 
temperature/ 
force/ 
friction 
Xie  
et al 
 [102] 
Turning 
WC/Co 
cemented 
carbide 
Aluminum 
alloy 
A5052 
Femtosecond 
laser 
/Perpendicular, 
Parallel, Cross 
/Micro(h-1.3
mµ ,  
p-2.2 mµ ),  
Nano(h-150
nm ,  
p-800 nm ) 
60-600/0.1/0.2 
/MQL 
Cutting force 
/friction 
Kawasegi 
et al [103] 
Turning 
WC/Co 
cemented 
carbide 
Ti-6Al-4V 
YAG laser 
/Elliptical 
groove, linear 
groove 
Micro(-50 mµ , 
h-150) 
60-180/.05-
0.3/0.2 
Cutting 
force/friction
/temperatures 
Wu et al 
[106] 
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Table 4.Lists of literature review for patterned insert (Continues) 
Machining 
process 
Cutting 
tool 
material 
Workpiece 
materials 
Fabrication 
process 
/pattern type 
/scale 
 (height h ,  
pitch p ) 
Cutting 
condition 
[Vs ( / minm ) 
/f ( /mm rev ) 
/ap (mm ) 
/lubrication] 
Improved 
results by 
surface 
textured tool 
Ref. 
Turning Al2O3/TiC ceramic 
AISI 1045 
hardened 
steel  
(40-50 
HRC) 
YAG laser 
/Perpendicular, 
parallel, wavy 
/Micro (h-45~50
mµ , p-45~50
mµ ), nano (h-
120-150 nm , p-
350~400 nm ) 
80-260/0.2/0.2/ 
solid lubrication 
Cutting 
force/surface 
roughness/te
mperatures 
Xing et al 
[108] 
Turning Cemented carbide 
AISI 4340 
hardened 
steel  
(55 HRC) 
YAG laser 
/Perpendicular, 
cross, parallel, 
multiple circles 
30-90/0.2/0.2 
Cutting 
force/surface 
roughness/fri
ction 
coefficient/c
hip 
morphology 
Sharma  
et al [110] 
Milling 
WC/Co 
cemented 
carbide 
NAK80 
(40HRC) 
FIB ion beam/ 
Parallel, 
horizontal, 
45degree 
/Micro (h-7.5
mµ , p-4.5 mµ ) 
62.8/0.004/0.15 
/Dry, wet 
Cutting 
force/ 
flank wear 
Chang  
et al  
[99] 
Milling 
DLC 
coated 
carbide 
Aluminum 
alloy 
A5052 
Femtosecond 
laser 
/Parallel, 
Orthogonal, 
Banded /nano 
(h-100~150 nm , 
p-700 nm ) 
380/0.12/3 
/Dry, wet, 
emulsion 
Cutting 
force/ 
friction/ 
adhesion 
area 
Sugihara 
et al 
 [104] 
Milling Cemented carbide 
Medium 
carbon steel 
Femtosecond 
laser 
/rectangular 
grooves 
/Micro (h-9 mµ , 
p-20 mµ ) 
200/0.2/2 Friction /crater wear 
Sugihara 
et al 
 [107] 
Milling 
WC/Co 
cemented 
carbide 
Medium 
carbon steel 
Femtosecond 
laser 
/Micro dimples 
(linear and zigzag 
array) 
200/0.2/2 
/Dry,wet, paste 
Crater 
wear/cutting 
force/friction 
Sugihara 
et al 
[109] 
AdvantEdge® 
WC/Co 
cemented 
carbide 
AISI 1045 
Micro-bump 
/(hp ratio 2~16,  
p-20~700 mµ ) 
120/0.3/1 Cutting force 
Ma  
et al  
[111] 
AdvantEdge® 
WC/Co 
cemented 
carbide 
Ti-6Al-4V 
Micro-holes 
/(hp ratio 1~16,  
d-40~120 mµ ) 
100/0.1/2 Cutting force 
Ma  
et al  
[112] 
AdvantEdge® 
WC/Co 
cemented 
carbide 
Ti-6Al-4V 
Micro-grooves 
/(hp ratio 2~16,  
p-40~120 mµ ) 
100/0.1/2 Cutting force 
Ma  
et al  
[113] 
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2.5 Summary 
The hard turning generates high stress, high temperature, high friction and accelerated tool 
wear. Therefore it is important to understand the cutting mechanisms and temperature rise in hard 
turning process. Modified Oxley’s cutting force theory and moving heat source model seems to be 
suitable to predict cutting forces and temperature considering strain, strain rate and temperature. The 
heat loss in flank face can be predicted using Li’s model. This model can be used to compute the 
temperature reduction by cryogenic cooling. Most of the predicted models for cryogenic machining 
were developed and analyzed by using commercially available programs such as DEFORM®, 
AdvantEdge®, and ABAQUS/Explicit®. These models can predict cutting force, temperature, and 
microstructure under cryogenic cooling condition. However, the analytical approach is not reported 
during hard turning with cryogenic coolant. While the experiment works in cryogenic machining are 
mostly conducted for titanium, Inconel and other nickel alloys, but only very few studies were 
available for cryogenic cooling in hard turning cases.  
The surface texturing can contribute in enhancing the tribological conditions at tool 
workpiece interfaces. Very few researchers tried to develop textured tools using various methods. 
Their investigation included both experimental works as well as FEM based modelling studies. It was 
found from their investigation that the cutting force, temperature and wear can be improved by the use 
of patterned insert. The reduced friction of tool surface supplied enhanced machinability conditions 
for the investigated workpieces. However, there are varied texture type as well as their dimensions 
that needs to be optimized to improve machining efficiency. Furthermore more detailed studies using 
modelling and simulated environment is not available in the reported literature.   
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CHAPTER 3 
PREDICTIVE MODEL OF CRYOGENIC COOLING 
 IN HARD TURNING 
 
 
 
The prediction process of cutting force and temperature is represented in a flow chart 
mentioned in Figure 38. Cutting condition, tool geometry, material properties of tool and workpiece, 
and cryogenic jet condition put in the model. Cryogenic coolant LN2 is applied through a nozzle jet 
system in tool flank faces. Heat transfer coefficient is computed with based forced convective 
estimation of cryogenic jet condition during the machining. Temperature rise in tool-chip interfaces 
can be calculated with the moving heat source model on primary, secondary zone and cryogenic heat 
loss model. Primary heat source is due to shear deformation in shear plane. The secondary heat source 
is from the frictional zone between chip-tool interfaces on a stationary. The temperature distribution 
on the tool-chip interfaces is estimated by the heat balance among tool, chip, and workpiece due to 
heat loss of cryogenic cooling. Plasticity shear stress on tool-chip interfaces can be determined using 
Johnson-cook constitutive equation. Modified Oxley’s cutting theory obtained 3d oblique cutting, 
thrust, and feed forces with ploughing effects. Subsequently, the prediction was validated with 
experimental work.   
 
3.1 Cryogenic cooling heat loss model 
Self-delivered pressure from LN2 reservoir provides the impinging jet through the vacuum pipe and 
nozzle system. The nozzle jet applied to tool flank surface. The nozzle jet is being forced heat transfer 
between flank-face and LN2. It is shown in Figure 39. Jet condition can determine the forced 
convective coefficients. The evaporation effect of LN2 is disregarded in this model. Fully injection in 
liquid state of LN2 and laminar flow are assumed because of high pressure and short travel. Li [114] 
obtained the local Nusselt number for flank-jet cooling as Equation (8). 
 cryogenic nozzle nozzleQ V A−=   (6) 
 Re cryogenic cryogenic nozzle cryo
cryogenic
V Lρ
µ
−=   (7) 
 1/3 1/20.664Pr Re
cryogenic cooling cryo
L L
cryogenic
h L
Nu
K
−
= =   (8) 
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Where Q  is quantity rate of pressured liquid nitrogen. The flow rate is defined by nozzle 
diameter area ( nozzleA ) and jet velocity cryogenic nozzleV −  [ / secm ]. ReL  is Reynolds number. cryogenicρ , 
cryogenicµ  are density and viscosity of liquid nitrogen. cryoL  is effective cooling length. In this model, 
it is equal to tool thickness. LNu , cryoL  are Nusselt number and cooling length (tool thickness, [m ]). 
cryogenicK ( / oW m C ), Pr are thermal conductivity of cryogenic liquid, Prandtl number. cryogenic coolingh −
( 2/ oW m C ) is average heat convective coefficient of cryogenic liquid.  
 
 
Figure 38. The flow-chart for prediction of cutting force and temperature in cryogenic coolant 
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Figure 39. Heat loss by cryogenic coolant (liquid nitrogen) through the nozzle system in hard turning 
(LN2 injected on tool flank face and machined surface) 
 
Prandtl number and Reynolds number can be computed with material properties of fully 
liquid state of nitrogen. The detailed description of theoretical model for flank-jet cooling can be 
found in the work of Li [114]. Heat loss intensity energy ( cryoq ) can be determined by Equation (9). 
Cryogenic heat convective coefficient was implanted to predict thermocouple located temperature and 
tool-chip interfaces temperature (tool rake surface).  
 
 ( )2cryo cryogenic cooling flank dry LNq h T T− −= −   (9) 
 
( ) ( ) ( )( ) ( )
/2
'0 /2
22 2 22 ' 2
1 1( ,Y,Z)
2
2
cryoL wcryo
cryo w
t i i
i i i i cryo i i
q
T X dydx
k R R
R X x Y y Z R X L x Y y Z
π −
⎛ ⎞
= +⎜ ⎟
⎝ ⎠
= − + − + = − − + − +
∫ ∫
  (10) 
 
Where the heat loss intensity of cryogenic cooling is cryoq . 2LNT  is the temperature on flank 
face temperature in dry condition. 2LNT  is -196
oC  of liquid nitrogen temperature.  
This calculated heat loss intensity of cryogenic cooling taken into heat loss modeling, which 
is based on temperature distribution equation. The reduced cutting temperature between tool-chip 
interfaces can be calculated by heat loss modeling. Furthermore, the temperature balance among the 
tool, chip and workpiece is considered by temperature distribution. A detailed explanation is found in 
work of Li [49]. 
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3.2 Moving heat source model in shear and frictional zone 
3.2.1 Heat source regions during the machining 
There are two heat source regions during the machining: (1) Primary (shear) zone; (2) 
Secondary (frictional) zone for sharp edge tool. The primary heat source is defined as a heat band 
present in the shear plane (Figure 40). Rise in temperature in this region is attributed to the plastic 
deformation of the workpiece. Boundary conditions for this case are as follows: the chip is assumed to 
be in continuous flow. The backside of the chip is kept in adiabatic state. The intensity of the 
imaginary heat source is kept on the opposite side. It is assumed that there is no thermal interaction 
taking place between the primary heat source and the cutting tool. The heat energy of the primary heat 
source in shear zone is presented in Equation (11) and (12).  
 
 
Figure 40. Moving heat source modeling: Heat source in Primary (shear) zone; 
 Secondary (frictional) zone 
 
3.2.2 Moving heat source model of primary zone 
Heat band of shear plane defined the primary heat source, which given an effective to 
temperature rises in chip and tool. Figure 41 expressed the temperature rise in shear zone [44, 48, 49]. 
Boundary condition for thermal model of the primarily heat source; the chip is assumed as continuous 
flow. The backside of the chip is adiabatic. The intensity of imaginary heat source sets on the opposite 
side. The X and Z are coordinate nodes in shear zone. The predictive force of modified Oxley’s theory 
is converted to thermal energy in the primary heat source (Equation (11). In this model, the 
assumption is that the tool is no related with the primary heat source. 
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Figure 41. Thermal model of the primary heat source in shear zone 
 
3.2.3 Moving heat source model of secondary zone 
The secondary heat source is placed on the tool-chip interface. The chip is flowing on the tool 
rake face and then, the frictional thermal energy is generated. The secondary heat source [44, 48, 49] 
affects to tool and chip (Figure 42). The boundary condition for secondary heat source is adiabatic in 
chip; continuous chip flow. The thermal intensity of secondary heat source in chip is represented in 
Equation (13). The chip side temperature and tool side temperature can be computed using Equation 
(14) and (15).  
ToolChip
z
x
qshear
φ −α
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Figure 42. Thermal model of the secondary heat source in chip 
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F V Vq V
hw
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φ α
= =
−
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For the temperature distribution in chip side by frictional heat intensity,   
 .
( )
( ) ( ) ( )( ) ( )
/2
sec '0 /2
22 2 22 ' 2
1 1( ,Y,Z) ( )
2
2
cl wfrictional
chip ondary chip i i iw
t i i
i i i i c i i
q
T X B x dy dx
k R R
R X x Y y Z R X l x Y y Z
π− −
⎛ ⎞
= +⎜ ⎟
⎝ ⎠
= − + − + = − − + − +
∫ ∫
.  (14) 
 
For the temperature distribution in tool side by frictional heat intensity,  
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( ) ( ) ( )( ) ( )
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tool sec '0 /2
22 2 22 ' 2
1 1( ,Y,Z) 1 ( )
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cl wfrictional
ondary chip i i iw
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R X x Y y Z R X l x Y y Z
π− −
⎛ ⎞
= − +⎜ ⎟
⎝ ⎠
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∫ ∫
  (15) 
 
Where, shearq , frictionalq  are heat intensity (energy) of heat source in shear and frictional zone. 
sF is the forces in shear zone. frictionalF  is the friction force when chip is sliding on rake faces. ABl  
length of shear zone. h  is contact lengths between chip and tool.w , width of cut. sV , chipV  shear 
and chip velocity. V  is cutting velocity. φ  and α  are shear angle, rake angle of the tool.  
The heat intensity take into the temperature distribution equation. Computed cutting 
temperature model has been validated in experiment section. The detailed process can found in work 
ToolChip
z
x
qfrictional
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of Li [49] and Huang [48].  
Heat balance between chip and tool are given by Equation (16) and (17) 
 
 chip-secodnary 0chip chip primaryT T T T−= + +  (16) 
 tool-secodnary 0tool tool coolingT T T T−= + +   (17) 
 
3.3 Cutting force model under cryogenic cooling condition 
3.3.1 A modified Oxley’s cutting theory model 
In followed description, a detailed Oxley’s theory model explained in order to understand the 
fundamental of hard turning process with cryogenic coolant. The shear along AB  transmits to the 
resultant force ( R ) in Figure 43. The force components sets are calculated to resultant force in 
Equation (18). 
 
Figure 43. Cutting forces in shear plane model 
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=
=
= =
 (18) 
 
Where, cF , tF  are cutting and thrust force. λ , α  are the mean friction and tool rake 
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angle. F , N  are frictional and normal on tool rake surface. sF  is shear force by along AB  shear 
line. ABk  is shear flow stress in AB , 1t  is unreformed chip thickness. w  is width of cut. θ  , φ  
are the angle resultant force to AB  slip line and shear angle. 
The stress components should be computed in order to determine the reaction force for chip 
formation. The Equation (4) expresses the variation in hydrostress, p  along I-slip and II-slip line.  
 
 1
2
2
2
p k C I slipline
p k C II slipline
ψ
ψ
+ = −
− = −
  (19) 
 
Where, the hydrostatic stress (mean compressive stress) is p . The shear flow stress k  is 
remaining constants along the slip-line. ψ , the counter-clockwise rotation angles of the slip-lines to 
a reference datum.  
Oxley and Welsh [115] introduced the chip-formation model using parallel sided shear zone 
as in Figure 44. When the cutting tool is moving at V velocity, the shear zone of chip formation is 
assumed that the boundary line EF  and CD  are parallel to AB  slip-line. The equilibrium of 
stress in small element [116] at paralleled sided shear zone is equal to Equation (20).  
 
 
Figure 44. The element of paralleled sided shear zone 
 
 ( ) 2 1 2 1 0CD EFp p s k s p s k s+Δ Δ + Δ − Δ − Δ =  (20) 
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The pΔ  is given such as  
 1
2
EF CDk kp s
s
−Δ = Δ
Δ
  (21) 
 
The Equation (21) substituted to Equation (20).  
 
 
2
A B
k lp p
s
Δ ⋅− =
Δ
  (22) 
 
Where, Ap , Bp  are the hydrostatic stress at point A  and B . l , The shear length along 
AB . 2sΔ  is the element length of AB . Accordingly, the normal force is given by such as Equation 
(23). 
 
2
A B
N
p pF lw+=   (23) 
 
Where, the width of cut is w . 
The shear force sF  is given in Equation (24). 
 
 s ABF k lw=   (24) 
The angle θ  relates to AB  with resultant force and express as in following Equation (25). 
 
 tan
2
N A B
s AB
F p p
F k
θ += =   (25) 
 
The Bp  is substituted from Equation (22) to Equation (25). 
 
2
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2
A
AB AB
p k l
k k s
θ Δ= −
Δ
  (26) 
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Figure 45. The free surface element 
 
The triangle shear zone in free surface at 3AA  and 1 2A A  are equal to ABk  shear flow 
stress (Figure 45). The angles of 1 2AA A , 2 3A AA  are equal to / 4π . Moreover, the angle between 
2 3A AA  can be expressed to / 4π φ− . Finally, Ap  is determined to Equation (27). 
 
 1 2
4
A
AB
p
k
π φ⎛ ⎞= + −⎜ ⎟⎝ ⎠
 (27) 
 
Equation (26) substitute to Equation (27) for Ap . 
 
 
2
tan 1 2
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k l
k s
πθ φ Δ⎛ ⎞= + − −⎜ ⎟ Δ⎝ ⎠
  (28) 
 
Additionally, θ  is defined by Equation (29). 
 
 θ φ β α= + −   (29) 
 
Where, φ  is shear angle, β  is friction angle and α  is rake angle of the tool. From 
Equation (29), the term 
2
k
s
Δ
Δ
 can be expressed in Equation (30). 
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Where, the shear strain rate is assumed as in reference [47]. 
 
 soxley
AB
Vc
t l
γ γΔ = =
Δ
  (31) 
 
Where, the shear velocity, sV  and shear length, ABl . 
 
 
sin
u
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φ
=   (32) 
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1 cos( )
sin cos( )ss
t VV
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φ φ α
Δ = =
Δ −
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Equation (34) is based on John-Cook (JC) constitute model. 
 
 ( )1 0
0
/ 3 1 ln 1
3
m
n
m
k T TnB C
T T
σ ε ε
γ ε
−
⎛ ⎞⎛ ⎞Δ Δ −⎜ ⎟= = + −⎜ ⎟⎜ ⎟Δ −Δ ⎝ ⎠⎝ ⎠
  (34) 
Substitute (Equation (29), (30), (31), (32), and (33)) into Equation (34),  
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4
n
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oxley n
Cn
nBCn c
A B
πθ φ
ε
ε
⎛ ⎞= + − −⎜ ⎟⎝ ⎠
=
+
  (35) 
The tool-chip contact length is determined as,  
 
 
( )
sin 1
cos sin 3 1 2 / 4
ut Cnh
Cn
θ
λ φ π φ
⎧ ⎫⎪ ⎪= +⎨ ⎬⎡ + − − ⎤⎪ ⎪⎣ ⎦⎩ ⎭
  (36) 
 
The plasticity of workpiece material is most commonly deformed from thermally softening, 
hardening effects by strain rate. Accordingly, the constitutive model include the behavior of plasticity 
deformation such as effects of strain (ε ), strain-rate (ε ), and temperatures (T ). In shear plane, the 
shear strain ( ABγ ) and shear strain rate ( ABγ ) are assumed as in reference [47].  
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Strain ( ABε ) and strain rate ( ABε ) are computed by Equation (37). 
 
 
( )
1 cos
2 sin cos
3
3
AB
AB
AB
s
AB oxley
AB
AB
AB
Vc
l
αγ
φ φ α
γε
γ
γε
=
−
=
=
=
  (37) 
 
Thermal modeling for chip side and cryogenic cooling effects predict temperatures in tool-
chip interfaces. Shear stress (Equation (38)) is uniform distribution along tool-chip contacts lengths. 
 
 int
F
hw
τ =  (38) [117] 
 
Temperature rise ( int chipT T= ) in tool-chip interaction integrate into flow stress in chip. chipk  
is given by Equation (39). Approximated strain ( intε ) in chip is Equation (40) and strain rate is 
expressed in Equation (41). 
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T Tk A B C
T T
ε ε
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 int 2 ABε ε=   (40) 
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φ α
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Where, cV  ( / minm ) chip velocity; intγ (
1s− ) shear strain rate in tool-chip interfaces; δ  
uncut chip thickness to chip thickness ratio; ct  chip thickness; intε  strain rate in tool-chip interfaces.  
This cutting force model determined a shear angle (φ ) using Equation (18) to (41) and a 
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term which is shear stress along tool-chip interfaces equal to average flow stress along chip 
( int chipkτ = ) which is a criteria ( int chipkτ = ) decides a maximum shear angle. Cutting force ( cF ) and 
thrust force ( tF ) are computed by cutting model. 
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=
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  (42) 
 
3.3.2 Johnson-Cook plasticity model for workpiece 
Among the constitutive model, the Johnson-Cook (JC) model (Equation (43)) is suitable for 
machining process. To expand application, the predictive cutting model is based on the modified 
Johnson-Cook equation. Huang [48] have used modified JC model to predict cutting force modeling. 
 
 ( )( ) int 0int
0
1 ln 1
m
n
melt
T TA B C
T T
σ ε ε
⎛ ⎞⎛ ⎞−⎜ ⎟= + + −⎜ ⎟⎜ ⎟−⎝ ⎠⎝ ⎠
  (43) 
 
 Where, A  is the initial yield strength (MPa ), B  is the hardening modulus (MPa ), C  
is the strain rate sensitivity coefficient, n  is the hardening coefficient and m  is the thermal 
softening coefficient. ε  is the plastic strain, ε  is the strain rate ( 1s− ), 0ε  is the reference plastic 
strain rate ( 1s− ) and intT  is the temperature of the workpiece (
oC ). meltT , 0T  are the melting 
temperature and the room temperature.  
 
3.3.3 Effective ploughing force model considering tool edge geometry 
In the open market, CBN cutting tool of hard turning has a chamfer and edge radius to 
prevent immediate tool damage. This causes a plowing effect at edge roundness, increase total cutting, 
and thrust forces as in Figure 46. The ploughing effect of cutting force model is considered to predict 
forces precisely. Su [117] define effective chamfer length (T ) and edge radius ( effr ) in Equation (44), 
(45). 
 
 ( )min ,T feedrate T=  (44) 
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If feed rate is smaller than chamfer length, effective chamfer length is feed rate.  
 
 ( ) ( )1 cos sin
2eff chamfer chamfer
r T Tλ λ⎡ ⎤= +⎣ ⎦   (45) 
 
Where, chamferλ  is chamfer angle.  
Equation (46) is average rake angle ( avgα ) incorporates with effective edge radius ( effr ) 
[118]. 
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  (47) 
 
According to Waldorf [35, 119], ploughing cutting force ( cutP ), ploughing thrust force ( thrustP ) 
are defined as Equation (48). Specific description details in Waldorf [119].  
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Finally, Equation calculates to total cutting force ( csF ) and thrust force ( ctF ) considering 
edge geometry. 
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 sc c cut
st t thrust
F F P
F F P
= +
= +
  (49) 
 
 
Figure 46. Diagram of ploughing effects by chamfered tool 
 
Figure 47 expresses the prediction flows of cutting force and temperature under cryogenic 
coolant. Initially, input parameters are tool geometry, material properties, cutting condition and 
cryogenic convective coefficients. Initial shear angle starts from 6 deg to 45 deg. The temperature in 
shear plane, frictional and cryogenic heat loss will be calculated with increasing shear angles. If shear 
stress in chip and interactions are equal, the maximum shear angle is defined. Based on shear angle is 
calculated for cutting force and temperatures. Furthermore, the ploughing effects are added with 
cutting and thrust forces.  
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Figure 47. The flow-chart for prediction of cutting force and temperature in cryogenic coolant 
(This model based on modified Oxley’s cutting theory) 
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3.3.4 Temperature model considering flank wear length 
The thermal model calculates the temperature in flank wear zone with combined cryogenic 
heat convective coefficients.  
 
 
(a)                              (b) 
Figure 48. (a) Cryogenic cooling length at initial tool (b) Flank wear length and cryogenic cooling 
length at worn tool 
 
The initial tool has no flank wear length. The cryogenic cooling length is equal to tool 
thickness ( tL  = 4.8mm ). After the machining, the flank wear length will be increased. The cryogenic 
cooling length is smaller than initial tool as in Figure 48. It represents Equation (50).  
 
 t cryoL L VB const= + =   (50) 
 
Oblique cutting tool (3D) has a nose radius ( noser ) of tool edge. Increased flank wear length 
of cutting tool contacts flank wear width ( VBw ) in Equation (51).  
 
 1 1sin cos ,
2
nose
VB nose
nose nose
r doc f w r
r r
θ π θ− −
⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞−= − − = ⋅⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠
  (51) 
 
Where, f ( /mm rev ), doc (mm ) are feed rate, depth of cut. VBw (mm ) is varied by cutting 
conditions. The temperature rise by flank wear length is represented in Equation (52), (53). 
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∫ ∫
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Consequently, the temperature rise in initial tool is equal to Equation (54) and in flank wear 
with cryogenic cooling is represented in Equation (55). 
 
 ( ,0,0) (X,0,0) ( ,0,0)cryo flank flank dry cryoT X T T X− −= +   (54) 
 VB, ( ,0,0) ( ,0,0) ( ,0,0) ( ,0,0)cryo flank flank dry VB cryoT X T X T X T X− −= + +   (55) 
 
3.3.5 Cutting force model considering flank wear length 
The flank wear length increases the cutting force and temperature rises. The calculations of 
flank wear effects are important to predict cutting temperature of cryogenic cooling. The increasing 
cutting force (Equation (56)) due to flank wear length can be calculated by Waldorf’s wear model 
[119]. Integration of ( )xσ  , ( )xτ  (Figure 49) can calculate the forces due to flank wear length in 
Equation (57). 
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F w x dx
F w x dx
σ
τ
=
=
∫
∫
  (56) 
Where, cwF , twF  are cutting and thrust force due to flank wear length. ( )xσ , ( )xτ are 
normal and shear stress distribution in flank wear zone in Equation (57).  
 
Figure 49. The increasing forces due to flank wear stress 
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Where,  
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m
πσ ρ φ γ γ φ τ γ φ
γ η φ ρ η η− −
⎡ ⎤= + − − + + − = −⎢ ⎥⎣ ⎦
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  (58) 
 
The pm  is assumed to equal the friction factor between tool-chip interface. The ρ  is flow 
angle which is suggested as a zero variable by Waldorf [119]. Consequently, the total cutting force are 
decided as in Equation (59). 
 
 
_
_
total c cs cw
total t ts tw
F F F
F F F
= +
= +
  (59) 
 
The 2D cutting force and thrust force can transfer to 3D oblique cutting force by equivalent 
side cutting edge *sC , equivalent inclination angle 
*i ( *cη= ) , and equivalent cutting edge rake angle 
*
nα . Equivalent cutting width 
*w  and equivalent chip thickness *t  are given by Equation (60) [48, 
49]. 
 
 
*
*
* *cos
s
s
docw
cosC
t f C
=
=
  (60) 
 
The 2D cutting force and thrust force can transfer to 3D oblique cutting force by equivalent 
side cutting edge *sC , equivalent inclination angle 
*i ( *cη= ) , and equivalent cutting edge rake angle 
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*
nα . Equivalent cutting width 
*w  and equivalent chip thickness *t  are given by previous study [48, 
49]. The cutting ( 1P ), axial ( 2P ), and radial force ( 3P ) are represented in Equation (61). 
 
 * * * *1 2 3cos sin sin cossc st s sr s st s sr sP F P F C F C P F C F C= = + = −   (61) 
 
Where, 
 
* * * * * *
* * * *
(sin cos sin tan ) cos tan
sin sin tan cos
sc n c st n c
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n c
F i i FF
i i
α η α η
α η
− −=
+
  (62) 
 
3.4 Tool wear rate model under cryogenic cooling condition 
The temperature rise of hard turning is larger than conventional machining process. In high 
cutting temperature, mechanical and thermochemical wear mechanisms accelerate tool wear during 
the hard turning process. Applied cryogenic cooling in machining reduces the cutting temperature into 
inserts. Literature reviews present that low cutting temperature by cryogenic cooling can enhance total 
tool-life. However, it is difficult to explain wear mechanisms under cryogenic cooling condition. 
Moreover, tool wear rate model in hard turning consider abrasive, adhesive and diffusive wear 
mechanisms has been suggested by Huang [48]. 
Cryogenic cooling exceptionally reduces temperature of tool-workpiece zone (flank wear 
zone). Diffusion and adhesion wear will decrease in low wear temperature with cryogenic coolant. 
Even, In addition, particles can be removed with high pressure of cryogenic jet. Therefore, cryogenic-
hard turning process expects to enhance tool-life by reduced tool wear rate (or wear). The concept 
chart of wear mechanisms in cryogenic cooling is presented in Figure 50.  
 
Figure 50. Concepts charts of wear mechanisms in cryogenic cooling 
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3.4.1 Abrasive wear model 
Abrasive wear happen sliding between surfaces. The particles contained to materials of tool 
and workpieces in order to become harder and strengthen securely. During the machining, they are 
trapped between tool-workpiece interfaces as in Figure 51.Three-body abrasive wear are become to 
fracture the softer surfaces and rolling in the surfaces with the abrasive particles.  
The volume loss modeling of three-body abrasive wears mechanisms was developed by 
Rabinowicz et al [120]. This empirical model calculates the volumetric loss per particle of three-body 
abrasive wear. It was given by Equation (63). 
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The hardness of abrasive particles in carbon steels ( 3Fe C ) is given by Equation (64) [121, 
122] 
 
 
416.3 10 211760 /Te N mm
−− ×   (64) 
 
The abrasive harness of particles in tool materials of CBN can be expressed in Equation (65)  
[123] 
 245000 4.324 / 0 925o oCBNP TN mm C T C= − < <   (65) 
 
The abrasive wear model is simplified by Huang [48] as in Equation (66) 
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Figure 51. A schematic of abrasive wear mechanisms in machining 
 
3.4.2 Adhesive wear model 
The interfaces area of flank face and workpiece is become to asperity junction weld (Figure 
52) cause of the high temperatures and stress during the machining. There have micro welding energy 
per unit area ( wn ) along flank wear lengthVB . It cause to the volumetric loss of tool flank wear zone. 
It can be expressed by (67) 
 
 ( )0 0 1 %ˆ abrasionadhesive volume c
asperity t
p K p
V V w t
P P
σ
−
−
= Δ   (67) 
 
asperityP , the asperity hardness depends on the temperature, strain, strain rate, properties of soft 
surfaces, and diffusive layers on the flank wear zone. It can be expresses following functional of 
exponential temperature behavior.  
 
 21
A T
asperityP Ae
−=   (68) 
Huang [48] assumed in the relationship of tool hardness and temperatures as in exponentially 
express to Equation (69) 
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 aTasperity tP P be
−=   (69) 
 
The adhesive volume loss is given by Equation (70). 
 ( )0 0
1ˆ 1 % aTadhesive volume abrasion cV p K p e V w tb
σ− = − Δ   (70) 
A simplied form is Equation (71) by Huang [48] 
 
 ˆ aTadhesive volume adhesion cV K e V w tσ− = Δ   (71) 
 
 
Figure 52. A schematic of adhesive wear mechanisms due to high temperature and stress in machining 
 
3.4.3 Diffusive wear model 
According to Huang et al [124], CBN can stable in extreme high temperature, stress. 
However, the CBN powder can be released because the binders of CBN tool are unstable in 
machining simultaneously. Diffusive wear is based on the Fick’s laws for the average flux rate.  
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For the coefficient of diffusion D , 
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Considering the contact time contactt  along the flank lengths, 
 
 contact
c
VBt
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=   (74) 
 
With time interval tΔ  , new surface for sliding area totalA   
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The form of simplicity for diffusive volume loss is expressed as in Equation (76) 
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3.4.4 Composition of volume-loss wear rate modeling 
Huang [48] has proposed abrasion, adhesion, and diffusion wear volume loss in hard turning. 
Summation of mechanical wear loss ( ˆ ˆabrasion adhesionV V+ ) and tribochemical wear volume loss ( dˆiffusionV ) 
are total tool wear volume loss as in Equation (77). 
 
 
1
273
ˆ ˆ ˆ ˆ
Q
total wear abrasion adhesion diffusion
n
a
abasion cn
t abrasion
aT
adhesion c adhesion
K
T
diffusion c
diffusion
V V V V
PK K V wVB
P
K e V w t
K VVBe w t
σ
σ
−
−
+
= + +
⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪⎢ ⎥⎜ ⎟⎪ ⎪⎝ ⎠⎣ ⎦⎪ ⎪⎪ ⎪⎡ ⎤= + Λ⎨ ⎬⎣ ⎦
⎪ ⎪
⎡ ⎤⎪ ⎪
+ Λ⎢ ⎥⎪ ⎪
⎢ ⎥⎣ ⎦⎪ ⎪⎩ ⎭
  (77) 
It is very difficult to measure the tool volume loss. Huang [48] consider to 3D tool geometry 
of CBN and develop flank wear rate model in Equation (78). 
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Where, clearγ , avgα  are clearance and rake angle. noseR  (mm ) is nose radius, cV  ( / minm ) 
cutting velocity, σ  (MPa ), T  ( oC ) are average normal stress and temperature on flank wear zone 
(tool-workpiece interfaces). 
Constants of wear rate model (Equation (78)) are abrasionK , adhesionK , diffusionK , a , QK . It 
should be determined for cryogenic cooling condition to predict wear rate. Objective function is 
minimizing the least square errors (Equation (79)) and find the optimized five coefficients of wear 
rate model by genetic algorithm. The prediction model considers steady state for wear progression.  
 
 
 
2
experiment predicted
dVB dVB
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∑   (79) 
 
Figure 53 represents prediction progressive flow chart for flank wear lengths. The cutting 
force and flank wear zone temperature continue to the wear rate modeling with calibrated wear 
constants. The predicated flank wear length is updated.  
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Figure 53. Prediction progressive for flank tool wear lengths in cryogenic hard turning process 
3.5 Summary 
This chapter represents the predictions to improve tool-life in hard turning under cryogenic 
cooling condition. The cryogenic heat convective coefficient is dependent on cryogenic cooling jet 
conditions. The heat transfer model calculate convective coefficient with properties of liquid nitrogen, 
pressure, and nozzle sizes. Reduction of temperature is calculated by heat loss model of cryogenic 
cooling. Furthermore, the temperature rise can be predicted by moving heat source model in shear and 
frictional zone.  
Mathematical prediction model is developed based on a modified Oxley’s theory and moving 
heat source model under cryogenic cooling condition. In addition, this model can consider ploughing 
effects of chamfered tool. Flank wear increase cutting, thrust forces and temperatures on flank faces. 
Abrasive, adhesive, and diffusive wear mechanisms based on tool wear rate model can predict the 
flank wear lengths under cryogenic cooling and dry condition.  
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CHAPTER 4 
VALIDATION WORKS OF CRYOGENIC COOLING IN  
HARD TURNING 
 
 
 
4.1 Cryogenic heat convective coefficients of nozzle jet system  
Reservoir pressure of liquid nitrogen is 10bars  and turbine flowmeter measures a LN2 
delivery flow rate. LN2 quantity is average 6.8 / minliter . Nozzle diameter to jet LN2 is 2mm . 
Nusselt ( Nu ), Reynolds number (Re ), and convective heat transfer coefficient ( cryogenic coolingh − ) with 
measured data and properties of LN2 [34]. The summary is presented in Table 5.  
 
 
Table 5. Cryogenic jet condition and properties of liquid nitrogen [34] to calculate convective heat 
transfer coefficient 
Cryogenic jet condition 
Cryogenic liquid Nitrogen liquid 
Pressure [ bars ] 10 (fixed) 
Area of nozzle diameter ( nozzleA ),
610−× [ 2m ]) 3.14 
Volume of liquid nitrogen (Q , 310−× [ 3 /m s ]) 0.1133 
Velocity ( cryogenic nozzleV − , [ /m s ]) 36.1 
Properties of liquid nitrogen [34] 
Density ( cryogenicρ , [
3/kg m ]) 808.9 
Cooling length ( cryo tL L= =tool thickness, [mm ]) 4.8 
Viscosity ( cryogenicµ ,
610−× [ /kg ms ]) 157.9 
Thermal conductivity ( cryogenicK ,
310−× [ / oW m C ]) 139.6 
Calculated cryogenic cooling properties 
Reynolds number (Re ) 887690 
Prandtl number ( Pr ) 2.2 
Cryogenic convective 
 heat transfer coefficient ( cryogenic coolingh − , 
2/kW m k ) 23.6638 
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4.2 Constants of Johnson-cook plasticity model in workpieces 
The workpiece is high hardened steel at 62HRC . Huang et al. [35] determined the constants 
of constitutive model using minimum least square between measured and predicted cutting forces. 
The constants are listed in Table 6. 
 
Table 6. Johnson-cook plasticity model constants of AISI 52100 (62 ) [35] 
A [MPa ] B [MPa ]  C   m   n   meltT [
oC ] 
774.78 134.46 0.0173 3.1701 0.3710 1480 
 
4.3 2D orthogonal cutting test 
4.3.1 Model validation set-up for 2D orthogonal cutting 
Workpiece dimension is width 3mm , diameter 100mm  of AISI 52100 hardened steel (62
HRC ). CBN (Kennametal A4G0600, KB5620) orthogonal cutting tool has a chamfer length 0.245
mm , chamfer angle -25o (referred to APPENDIX B.1). The measurement data is implemented in 
modified Oxley’s cutting theory and thermal model. Cryogenic coolant is LN2 and delivered through 
cryogenic jet module at 10 bars . Injection direction is flank face of cutting tool. 
 
  
Figure 54. The configurations of orthogonal cutting test 
 
The configuration set-up represented in Figure 54. Hardened steel disc is contained in 
workpiece holder. The cutting tool is moved to 5mm  of radial direction with feed rate. Dynamometer 
(Kisler 9257b) measured cutting force. Thermocouple located in 0.9~1.2mm  from tool rake surfaces. 
LAVIEW DAQ gauges the temperature of thermocouples. Cutting condition listed in Table 7. 
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Table 7. Cutting conditions of cryogenic 2D orthogonal hard cutting test 
Case# s
V  
[ / minm ] 
f  
[ /mm rev ] 
w  
[mm ] 
Cooling  
condition Measurement  
1 100 
0.05 
3 Cryogenic cooling Dry 
Force 
( cF , tF ) 
Thermocouple  
located  
temperature 
2 150 
3 200 
4 250 
5 150 0.08 6 0.11 
 
4.3.2 Comparison of cutting force in cryogenic cooling/dry condition 
The comparison of predicted and measured cutting; thrust forces are shown in Figure 55 and 
Figure 56. In addition, it is shown to the forces of cryogenic cooling and dry condition. The 
experiment results shown that cutting, thrust forces of cryogenic cooling are increased as much as 1~7% 
than those of dry condition. It is observed that cryogenic coolant contributes to increase cutting forces 
(Avg. 5 %) than thrust forces (Avg. 2 %) except for case# 6.  
The numerical model predicts that cryogenic cooling increase cutting and thrust force. It can 
explain why the forces are increased in cryogenic condition. The cryogenic coolant decreased 
dramatically cutting tool temperature. It contributes to reduce temperature of tool-chip interfaces 
(frictional or tool rake faces). Therefore, it constrains thermal softening and increase shear stress in 
chip.  
The prediction values have average error rate 2 % of cF , 8 % of tF  in cryogenic cooling, 
and 12 % of cF , 14 % of tF  in dry condition. In both condition, increasing cutting velocity / minm  
slightly reduce cutting; thrust forces. This reason is thermal softening of workpiece materials. 
Increasing feed rate raises a cutting and thrust forces in cryogenic and dry conditions. However, the 
prediction error rate of thrust forces in cryogenic condition is larger than those of dry conditions as 
much as 27~30% increasing in feed rate. 
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Figure 55. Comparison of predicted and measured cutting forces ( cF ) 
 in cryogenic and dry condition during 2D orthogonal test 
 
 
Figure 56. Comparison of predicted and measured thrust forces ( tF ) 
 in cryogenic and dry condition during 2D orthogonal test 
 
4.3.3 Comparison of temperatures in cryogenic cooling/dry condition 
Thermocouple located temperature and temperature in tool-chip interfaces presented in 
Figure 57 and Figure 58. This temperature defined as average temperatures during 3 second. 
Increasing cutting velocity and feed rate raise thermocouple located temperatures in cryogenic and dry 
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condition. Moreover, it is observed that thermocouple located temperature is dramatically reduced in 
cryogenic cooling condition with all cutting conditions. Cryogenic cooling condition reduces 40% 
from dry condition in experimental observation. The prediction values in dry condition are close to 
experiment results. However, the predicted thermocouple temperatures in cryogenic condition are 
inaccuracy for measured data.  
 
 
Figure 57. Thermocouple located temperature in tool-chip interfaces under cryogenic cooling and dry 
condition during 2D orthogonal test 
 
Figure 58. Predicted temperature in tool-chip interfaces under cryogenic cooling and dry condition 
during 2D orthogonal test 
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It is predicted to temperatures in tool-chip interfaces under cryogenic and dry condition. 
Differences between cryogenic and dry condition decrease increasing cutting velocity / minm . It is 
similar in increasing feed rate /mm rev . In all cutting condition, cryogenic coolant contributes to 
reduce temperature in tool-chip interfaces as much as average 21%. It causes to increase shear stress 
in chip and cutting forces. Therefore, it describes the reason of increasing cutting force under 
cryogenic cooling condition.  
 
4.3.4 Conclusions 
Cryogenic convective coefficient is 23.6638 2/kW m K , which calculated forced convective 
coefficients. This value is similar to ranges of cryogenic convective in some literature review [61, 62, 
64], which was implemented in moving heat source model to predict cryogenic cooling effects. 
Modified Oxley’s cutting theory predicts the cutting force and temperature in thermocouple location 
and tool-chip interfaces under cryogenic and dry condition. Furthermore, tool geometries such as 
chamfer angle, lengths and edge radius were considered to predict cutting and thrust direction forces.  
Validation work was conducts in various cutting condition to compare predictive and 
experimental force and temperatures. As a result, cryogenic coolant contributes increasing forces and 
dramatically reduced temperatures. The forces of cryogenic cooling condition are larger 1~7% than 
those of dry condition. The thermal model predicts to reduce temperatures in tool-chip interfaces 21% 
in cryogenic condition compared with dry condition. The errors of prediction model are average 2~30% 
in various cutting condition. In addition, this model describe that low temperatures of cryogenic 
coolant contribute to ‘cryogenic hardening effects’ during metal cutting process. It will be increase 
shear stress in chip. Therefore, cutting and thrust forces are increased. In conclusion, results of 
predictive model in cryogenic and dry condition are good agreement with experiment data for 
orthogonal hard turning process.  
 
4.4 3D oblique cutting test 
4.4.1 Model validation set-up for 3D oblique cutting 
Cutting conditions are presented in Table 8. CBN tool has a chamfer length 0.16mm . Cutting 
force and temperature are observed in below and above 0.16mm . Therefore, feed rate 0.1, 0.2 
/mm rev  were picked. Depth of cut ( pa ), cutting length ( cL ) fixed in 0.2mm , 60mm  to simulate a 
practical rough hard turning. Cutting condition listed in Table 8. EDM machine fabricate a drilling 
hole to embed thermocouple which located in 0.7~1.1mm  from tool rake surface. High temperature 
cements tie-up thermocouple in drilling hole (Figure 59). The cutting temperature was measured by 
thermocouple and LABVIEW DAQ system.  
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Figure 59. The configuration of 3D oblique hard turning process with cryogenic jet module and 
embedded thermocouple in EDM drilling hole (depth 3.8~4.1mm ) 
 
Table 8. Cutting condition in cryogenic cooling and dry condition 
Experiment  
# 
Cutting speed 
(V , / minm ) 
Feed rate  
( f , /mm rev ) 
Depth of cut 
( pa ,mm ) 
Cutting length  
( cL ,mm ) 
Cooling  
condition 
1 100 
0.1 
0.2 60 Cryogenic Dry 
2 175 
3 250 
4 100 
0.2 5 175 
6 250 
 
4.4.2 Influence of cryogenic cooling on cutting force in fresh tool 
Figure 60 to Figure 62 shows the comparison of cutting force (P1), thrust force (P2), and feed 
force (P3) for experimental and simulated results. It can be seen from the results that when cryogenic 
coolant is used, the experimental cutting forces (P1, P2, and P3) obtained were higher except for the 
case#1 and #2 of P1. However, the P1 value of cryogenic cooling is similar to that of P1 value under 
dry conditions, which suggest that low temperature cryogenic coolant is not effective in reducing the 
cutting force. Increase in forces, i.e. P2 (18.3 %) and P3 (27.4 %), were also observed under LN2 
coolant conditions as compared to dry condition except for the case#1.  
Increase in cutting speed slightly reduces the P1, P2, and P3 in cryogenic and dry condition 
(deviation is 10 N). However, the effect of feed rate on cutting forces was high as compared to the 
CBN cutting tool
(CNGA 120408)
Jet nozzleWorkpiece
(AISI 52100, 62 HRC)
Electric valve
Cryogenic jet module
(10 bar)
Force dynomometer
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effect of cutting speed. It might have happened because the increase in feed rate also increases the 
contact area at the tool-chip interface, as a greater amount of material per unit time is getting removed. 
Differences in thrust (P2) and feed forces (P3) between the cryogenic and dry condition get increased 
at high cutting speed and feed rates. In dry conditions, high feed rate and cutting velocity can lead to 
thermal softening of the workpiece. But, with the use of cryogenic coolant in the contact region, the 
phenomenon of thermal softening gets restricted which results in the increase in of cutting forces.  
In cutting force model, cryogenic cooling condition was also incorporated to predict the 
cutting forces P1, P2, and P3. The predicted forces also showed the rise in values by 2.6 %, 12.4 %, 
and 9.8 % for P1, P2, and P3 respectively, when compared to dry conditions. Prediction errors of P1, 
P2, and P3 at 0.1 mm/rev in cryogenic condition are average 8.8 %, 29.6 %, and 11.4 %. Prediction 
errors of 0.2 mm/rev in cryogenic condition are average 2.2 %, 4.7 %, and 4.5 %. Better prediction 
accuracy was observed for higher feed rate of 0.2 mm/rev as compared to lower feed rate of 0.1 
mm/rev. This also suggests that the model is capable of taking into count the chamfer length of the 
cutting tool while predicting the cutting forces. When chip thickness (= feed rate) is bigger than 
chamfer lengths, this model is recommended to force prediction. The model was also sensitive 
towards the change in cutting speed and feed rate, which can be seen from the decrease in P1, P2, and 
P3 values for the both feed rate conditions. This trend was also supported by the experimental results. 
 
 
Figure 60. Comparison of predicted and experiment P1 (cutting force)  
in cryogenic cooling and dry condition 
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Figure 61. Comparison of predictive and experiment P2 (thrust force)  
in cryogenic cooling and dry condition 
 
 
Figure 62. Comparison of predictive and experiment P3 (feed force)  
in cryogenic cooling and dry condition 
 
4.4.3 Influence of cryogenic cooling on temperatures in fresh tool 
Figure 63 shows the predicted and measured temperature at the location of the thermocouple 
in cryogenic cooling and dry conditions. Theses temperature were further used to calculate the 
temperature at the tool-chip interface, which is presented in Figure 64. Cryogenic coolant was able to 
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reduce the cutting temperature from 90~160 oC  to -133~-80 oC  when compared with the dry 
machining conditions. The error in prediction for feed rate of 0.2 /mm rev (Avg. cryogenic 19.2 %, dry 
8.9 %) is lower than that of the feed rate of 0.1 mm/rev (Avg. cryogenic 27.7 %, dry 18.2 %).  
An increase in the cutting velocity contributes to the rise of cutting temperature, which in 
turn also increased the temperature at the location of the thermocouple. The predicted temperature 
from the proposed model was able to follow the similar trend observed by the experimental measured 
temperature. However, for the case of cryogenic cooling conditions the model predicts lower 
temperature at the location of thermocouple in high cutting velocity (as in Figure 63). This also makes 
the prediction of the temperature flank dryT − , a bit high, at the flank face of the tool in high cutting 
velocity condition. But, when the feed rate was larger than the chamfer lengths, the temperature 
prediction also got improved, which can be seen by the higher value of temperature prediction at the 
location of the thermocouple.  
Cryogenic coolant was able to reduce the temperature between tool-chip interfaces by as 
much as 17 % than dry condition. In addition to that feed rate also showed some increase in 
temperature because of the increase in friction between the tool and the workpiece. However, the 
effect of cutting velocity is much higher in increasing the temperature between the tool-chip interfaces.  
 
 
Figure 63. Comparison of predicted and measured thermocouple temperature  
in cryogenic cooling and dry condition 
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Figure 64. Predictive temperature between tool-chip interfaces  
in cryogenic cooling and dry condition 
 
4.4.4 Predicted shear angle and strain in shear zone 
Subsequently, the shear angle and strain in shear plane are predicted in this section. As a 
prediction model, cryogenically cooling condition reduce average 7.2% of the shear angle in Figure 
65. In both cooling condition, increasing cutting speed is higher shear angles. This is related to 
localize thermal softening during the machining. However, there are similar predicted values of shear 
angles, regardless of feed rate. According to Kaynak [125], the cryogenic machining attribute to 
thicker chip thickness. This is due to reduction in shear angle of the shear plane. This mention is 
agreed to prediction shear angles of this prediction. Figure 66 highlights increasing prediction of stain 
in shear zone with cryogenically cooling condition. Higher strain values (increased 6.8 %) were 
predicted in cryogenically machined condition. LN2 injection can inhibit the localized thermal 
softening to strain. The stress and forces due to restricted softening is increased by reduction 
temperature in tool-chip interfaces (refer to section 4.4.3) In previous FEM simulation [126], 
cryogenic assisted machining on Ti-6Al-4V alloy is higher strain (the α-lamellae) than the dry 
condition. This explanation indicates increasing prediction strain in this model.  
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Figure 65. Predicted shear angles on cryogenic and dry condition 
 
 
Figure 66. Predicted strain in shear zone on cryogenic and dry condition 
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4.4.5 Conclusions 
The present work reports the analytical modelling of the hard turning process, specially done 
under cryogenic cooling conditions. To simulate the cryogenic cooling condition, the convective heat 
transfer coefficient was calculated by using the forced convective heat transfer phenomenon, and the 
value obtained 23.7 2/kW m K . It comes in the range similar to that mentioned in the literature but has 
more scientifically calculated rather than selecting by trial and error basis. It was further implemented 
in the moving heat source model to include the cryogenic cooling effect in hard turning conditions. 
The modified Oxley’s cutting theory was used to develop the model to predict the cutting forces, 
temperature in thermocouple location, and the temperature in tool-chip interface region for cryogenic 
and dry conditions. Furthermore, tool geometries such as chamfer angle, chamfer length, and edge 
radius were considered to predict cutting, feed, and thrust forces. The model was implemented for 3D 
oblique cutting conditions, by the use of proper transformation matrix.  
Experimental validations were conducted for various cutting conditions to compare the 
predicted cutting force and cutting temperatures. Application of cryogenic coolant resulted in the 
increase in cutting forces and decrease in cutting temperature at the tool-chip interface. It can be 
considered that the thermal softening of workpiece occurs less and becomes larger effects of material 
hardening due to decreasing cutting temperature. The model predicts P1 (cutting), P2 (thrust), P3 
(feed) direction forces including ploughing forces generated due to effective edge radius. Force 
predictive results presented that error is ~29 % when feed rate is larger than chamfer lengths ( = high 
feed rate). Otherwise, when the feed rate is smaller than chamfer lengths ( = low feed rate), the 
prediction error is ~12 % in cryogenic condition. Errors of predictive temperature are ~19 % at high 
feed rate and ~27 % at low feed rate. This model is good matched with high feed rate for practical 
results. Furthermore, the predicted strain and shear angle explain the reason of increasing forces. Less 
localized thermal softening of cryogenically cooling condition increase the strain and decrease shear 
angle in shear zone. 
 
4.5 Tool wear of cryogenic cooling condition in hard turning  
4.5.1 Predicted cutting force for flank wear 
Hard turning with cryogenic cooling and dry condition machined hardened steel (AISI 52100) 
at V 175 / minm , f 0.2 /mm rev , pa 0.2mm  (Experiment# 5 in fresh tool, Table 8). Flank wear 
lengths of CBN tool are observed with increasing machining time. The results show that flank wear 
lengths reduces 21% at machining time 3.14min  in Figure 67. Comparisons of predictive and 
measured cutting force (P1), thrust force (P2), and feed forces (P3) are represented in Figure 
68;Figure 69 and Figure 70. Overall, growths of flank wear lengths contribute to linearly raise P1, P2, 
and P3 in both cooling conditions. It is observed to fluctuations P1 values of experiment. The 
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differences of P1 in cryogenic and dry condition are very small except for some points. Prediction 
results of P1 are almost close to cryogenic cooling and dry condition with growth of flank wear 
lengths. In addition, predicted P2 and P3 are increased by average 8.3 %, 6.4% in cryogenic cooling 
condition comparative with dry condition.  
Figure 71 presents comparison of predictive and measured thermocouple temperature 
following machining time. Increasing machining time and flank wear lengths rise thermocouple 
located temperatures in both conditions. The rise differentials between initial and final worn tool are 
∆70 oC  in cryogenic cooling, ∆30 oC  in dry. The predictive thermocouple located temperature is 
small errors with experimental data. The temperatures between tool-workpieces interfaces (flank wear 
zone) can be expected in Figure 72. Flank wear zone temperatures of dry almost reach 680~730 oC  
increasing in flank wear lengths. However, cryogenic coolant reduces flank wear zone temperatures to 
280~325 oC . It has decreased by 55 % than those of dry condition. This outcome expects that flank 
wear rate can be reduced by low wear temperatures of cryogenic coolant.  
 
 
Figure 67. Observed flank wear lengths in cryogenic and dry condition with increasing machining 
time in experiment# 5 
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Figure 68. Comparison of predictive and measured P1 (cutting force)  
in cryogenic cooling and dry condition with increasing machining time for experiment# 5 
 
 
Figure 69. Comparison of predictive and measured P2 (thrust force)  
in cryogenic cooling and dry condition with increasing machining time for experiment# 5 
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Figure 70. Comparison of predictive and measured P3 (feed force)  
in cryogenic cooling and dry condition with increasing machining time for experiment# 5 
 
 
Figure 71. Comparison of predictive and measured thermocouple temperature  
in cryogenic cooling and dry condition with increasing machining time for experiment# 5 
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Figure 72. Predicted flank wear temperature on tool 
in cryogenic cooling and dry condition with increasing machining time for experiment# 5 
 
4.5.2 Predicted tool wear lengths in cryogenic cooling condition 
The calibrated coefficients of tool wear rate are represented in Equation (80), (81). The 
experiment data is used for experiment# 5. The prediction model considers steady state for wear 
progression. Using optimized constants (Table 9) of wear rate modeling, the progressions of predicted 
and experimental wear lengths are resented in Figure 74 to Figure 79 depending on experiment cases. 
The blue-solid line represents predicted progressions of flank wear lengths under cryogenic cooling 
condition while the blue circle is observations of flank wear lengths. The black-dash line and circles 
are predicted wears and experimental results. The predictions of flank wear lengths are good 
agreement excluding case# 2 and 4. The cutting condition case#1, 3, 5, 6 presents that cryogenic 
coolant can reduce the flank wear lengths. Model of wear rate predicts this phenomenon.  
 
Coefficients of wear rate model for cryogenic cooling condition 
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Coefficients of wear rate model for dry condition 
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Table 9. Calibrated coefficients of wear rate modeling for cryogenic cooling and dry condition 
Coefficients 
of wear rate 
model 
abrasionK  adhesionK  a  diffusionK  QK  
Cryogenic 5.8358 310−×  1.5545 1410−×  1.3597 410−×  3.7020 510×  2.8707 410×  
Dry 6.3209 310−×  128.25
1410−×  1.5500 410−×  4.0020 510×  2.9997 410×  
 
 
According to Table 9, the coefficients of tool wear rate modeling are decreased under 
cryogenic cooling condition. This means that low temperature of cryogenic coolant can reduce 
adhesive and diffusive wear mechanisms. Furthermore, coefficient of abrasive mechanisms is also 
decreased. The reason is that the high pressure of cryogenic cooling removes the particles between 
tool and workpieces contact areas than dry condition. The cryogenic coolant can increase the cutting 
forces than the dry condition. It may influence to tool wear. However, the dramatically low 
temperature of cryogenic coolant can most influence reductions of tool wears. The lowered cutting 
temperature in cryogenic coolant influence reduction in heat flux and further strengthens in contact 
area. Further, the asperity hardness of tool and workpieces depends on temperatures such as Equation 
(64) and (65). It is reduced to the hard particles of tool and workpieces. Consequently, it causes to 
decrease effectiveness of micro weld junction behaviors.  
 
Figure 73. Mechanisms of reduction in tool wear by cryogenic coolant 
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Figure 74. Predicted flank tool wear lengths in cryogenic cooling and dry condition [experiment# 1 
(V 100 / minm , f 0.1 /mm rev )] 
 
 
Figure 75. Predicted flank tool wear lengths in cryogenic cooling and dry condition [experiment# 2 
(V 175 / minm , f 0.1 /mm rev )] 
 
0 1 2 3 4 5 6 7 8 9 10
0
50
100
150
200
250
300
˚
˚Prediction-Cryogenic˚˚˚ ˚Prediction-Dry
˚Experiment-Cryogenic ˚˚Experiment-Dry
Machining˚Time˚[min]
Fl
an
k˚
w
ea
r˚l
en
gt
h˚
[µ
m
]
˚
0 1 2 3 4 5 6
0
50
100
150
200
250
300
˚
˚Prediction-Cryogenic˚˚˚ ˚Prediction-Dry
˚Experiment-Cryogenic ˚˚Experiment-Dry
Machining˚Time˚[min]
Fl
an
k˚
w
ea
r˚l
en
gt
h˚
[µ
m
]
˚
78 
 
 
Figure 76. Predicted flank tool wear lengths in cryogenic cooling and dry condition [experiment# 3 
(V 250 / minm , f 0.1 /mm rev )] 
 
 
Figure 77. Predicted flank tool wear lengths in cryogenic cooling and dry condition [experiment# 4 
(V 100 / minm , f 0.2 /mm rev )] 
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Figure 78. Predicted flank tool wear lengths in cryogenic cooling and dry condition [experiment# 5 
(V 175 / minm , f 0.2 /mm rev )] 
 
 
Figure 79. Predicted flank tool wear lengths in cryogenic cooling and dry condition [experiment# 6 
(V 250 / minm , f 0.2 /mm rev )] 
 
Cutting condition case#2 (Figure 75) represents similar tool wear in experiment results. 
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Furthermore, case# 4 (Figure 77) presents that it seems like to larger the tool wear of cryogenic 
cooling than those of dry condition. Figure 80 shows the measured lengths of flank wears in cryogenic 
cooling and dry condition. The type I is reduction of flank wear lengths in cryogenic cooling 
condition. Observation type I is in experiment case#1, 3, 5 and 6. However, cryogenic coolant could 
not decrease the flank wear lengths. It was observed to equal flank wear lengths of dry condition. It 
was defined as type II. The type III is seems like to bigger wears of cryogenic cooling than wears of 
dry condition.  
However, the type III is the chip adhesions on flank faces of the cutting inserts. Under the dry 
and cryogenic condition, the flank faces temperature is almost reaches over 500oC. Chip or particles 
(debris) of workpieces are immediately melted and stuck on flank faces. This chip adhesion can be 
removed because of moving contacts and chip softening by high temperature in dry conditions. Like a 
proceeding, chip is stuck on flank faces. But, the chip is strongly sticky on the flank faces by low 
temperatures of cryogenic cooling. 
As in Figure 81, low cutting speed generates lowered flank temperatures. It was small melted 
chip and stuck on flank faces. High cutting speed and feed rate generates high contact stress and 
temperatures. The melted chip is easily removed with dry and cryogenic cooling conditions. 
Consequently, cryogenic machining should choose for high or low ranges cutting parameters. The 
middle ranges of cutting conditions are avoided to cryogenic machining of hard turning process. 
 
 
Figure 80. Three typed observation of tool flank wears in cryogenic and dry condition 
 
CASE#5
V 175 m/min, f 0.2 mm/rev
Type I. Ordinary
Reduction tool wear 
by cryogenic condition
Cryogenic condition
Machining time : 3.21 min
Dry condition
Machining time : 3.21 min
138.3±1.7!m
109.1±8.3!m
CASE#2
V 175 m/min, f 0.1 mm/rev
Type II. No effects
No reduction tool wear 
by cryogenic condition
Cryogenic condition
Machining time : 5.34 min
Dry condition
Machining time : 5.34 min
107.6±1.7!m
98.2±4.4!m
CASE#4
V 100 m/min, f 0.2 mm/rev
Type III. Chip adhesion
Melted chip is stuck
by cryogenic condition 
Cryogenic condition
Machining time : 5.61 min
Dry condition
Machining time : 5.61 min
100.0±1.3!m
134.6±0.4!mChip adhesion
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Figure 81. Chart of cryogenic cooling assisted machinability  
 
4.5.2 Conclusions 
The unknown coefficients of tool wear rate modeling were found by minimum least square 
method using genetic algorithms. When cryogenic coolant is applied in hard turning, the flank wear 
was decreased. Predicted flank wear length is in good agreement with the experimental results, except 
some cases. Tool wear rate modeling explains that lowered temperature on tool-workpieces interface 
can decrease the flank wear lengths under cryogenic cooling condition. In addition, wears such as 
abrasive, adhesive and diffusive mechanisms were reduced with cryogenic jet cooling. High pressure 
jet of cryogenic coolant contributed in blowing away the particles between tool--workpiece interface. 
This in turn reduced the wear by abrasive mechanisms. Low temperatures of cryogenic coolant are 
closely related with adhesive and diffusive wear mechanisms. Therefore, the coefficients of wear rate 
modeling were decreased under cryogenic cooling condition.  
Furthermore, three type of wear was observed in cryogenic machining of hard turning 
process: Type I) Ordinary (reduction of tool wear in cryogenic cooling); Type II) No influences (No 
reduction of tool wear by cryogenic cooling); and Type III) Chip adhesions (melted chip and sticky on 
flank faces). In high speed, the melted chip was easily removed by moving contacts of tool-
workpieces and low generated temperatures on low cutting conditions. Theses ranges of cutting 
condition can be found in Type I ordinary tool wear. However, it was found that cryogenic coolant did 
not influence in reduction of wear or chip adhesion for middle ranges of cutting conditions. The lower 
temperature in these cases by cryogenic coolant might have generated chip adhesions.  
When cryogenic coolant is applied in hard turning, the cutting condition recommended is 
either high or low. .  
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CHAPTER 5 
FEM BASED SIMULATION OF MICROPATTERNED INSERT 
 
 
 
5.1 Boundary condition in FEM based simulation  
The boundary condition, process parameters, and cutting condition is specifically described 
followings. The designed pattern on tool rake surface was configured by CAD programs and 
implemented in Deform 3D® (Figure 82-(a)). The tool is a deformable body and move toward cutting 
direction (Figure 82-(b)). The workpieces is fixed on bottom surfaces and at sink temperatures 20 oC . 
The initial temperature in tool and workpiece was kept at 20 oC . Deform 3D® is based on updated 
Lagrangian algorithm and coupled thermos-mechanical FE model. The environment conditions are air 
convection, heat transfer coefficient that is set at 0.02 / / / oN s mm C  and 28 / / / oN s mm C . 
Workpiece mesh element is 38000 and tool is 138000 elements. The fine mesh is controlled at edge of 
tool and workpiece interfaces. Both mesh type is a tetrahedral thermally coupled elements.  
 
5.2 Properties and geometries for workpiece and tool  
The workpiece is deformable body. The Johnson-cook equation [127, 128] is used to 
determine the workpieces plasticity behavior in FE model. The specific constant value represented in 
Table 10. The hard turning process generated in high temperatures rise. . Tool is based on nose radius 
0.8mm , side rake angle -5°, back rake angle -5°, and side cutting angle -5°. Tip distance is length 2
mm  considering chip flows. The mechanical and thermal properties are listed in Table 11 and Table 
12. Workpieces are sensitivity in temperatures. Therefore, the mechanical and thermal properties 
should be dependent on the temperatures. The constant values presented considering temperatures in 
Table 13.  
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(a) 
 
(b) 
Figure 82. (a) Model assembly and boundary conditions and (b) Mesh configuration 
 
Table 10. Johnson-cook constitutive model constant of AISI 52100 [129] 
Material A  [MPa ] B  [MPa ] n  C  m  meltT [
oC ] 
AISI52100 774.78 134.46 0.3710 0.0173 3.1710 1487 
 
Table 11. Tool geometry parameters and mechanical properties of low CBN 
Tool geometry [130] Low CBN tool material properties 
Tool Geometry 
Specification Value Properties Value 
Nose radius ( rε , [mm ]) 0.8 Young’s Modulus [GPa ] [131] 588 
Side rake angle ( 0γ ) -5° Poisson’s ratio ( v ) [131]  0.17 
Back rake angle ( sχ ) -5° Thermal expansion [ 610−× /oC ] [132] 0.47 
Side cutting angle ( cλ ) -5° Emissivity [131] 0.45 
 
Thermal Conductivity [ / sec/oN C ] [132] (T)f  
Heat Capacity [ 2/ / oN mm C ] [132] (T)f  
 
Textured rake face
(a)
Tool velocity
(182.9 mm/min)
Tool
Workpiece
Boundary condition
(u,v,w=0)
Feed/rotation
(0.152 mm)
Uncut chip area
Depth of cut 
(0.203 mm)
Moving tool to cutting direction
Y
ZX
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Table 12. Thermal properties of the low CBN material [131, 132] 
Temperature [ oC ] Thermal conductivity [ / sec/ oN C ] Heat capacity [ 2/ / oN mm C ] 
20 59.4 2.7 
100 64.4 3.3 
200 67.7 4.0 
400 68.8 4.7 
600 66.7 5.1 
800 63.9 5.3 
900 62 5.4 
1000 59.5 5.4 
 
 
Table 13. Mechanical and thermal properties of AISI 52100 (62 HRC) [133-136] 
Properties Value Properties Value 
Density 
 (ρ, [ 3/kg m ]) 7853 meltT  [ K ] 1760.15 
Elastic modulus 
( E ,[MPa ]) 
Value [MPa ] Temperature [ K ] 
Poisson’s ratio 
[ v ] 
Value Temperature [ K ] 
201330 
178580 
162720 
103420 
86870 
66880 
293.15 
473.15 
673.15 
873.15 
1073.15 
1273.15 
0.277 
0.269 
0.255 
0.342 
0.396 
0.49 
293.15 
473.15 
673.15 
873.15 
1073.15 
1273.15 
Thermal  
conductivity 
Value [ /W mK ] Temperature[ K ] 
Expansion  
coefficient 
α [ / /m m Kµ ] 
 
Value
510−×  
Temperature 
[ K ] 
52.5 
47.5 
41.5 
32.5 
26.0 
29.0 
30.0 
29.5 
293.15 
473.15 
673.15 
873.15 
1073.15 
1273.15 
1473.15 
1573.15 
1.19 
1.25 
1.30 
1.36 
1.41 
293.15 
373.15 
347.15 
573.15 
673.15 
Heat Capacity 
Value 
[ 2/ oN mm C ] 
Temperature 
[ K ] 
 
3.3540 
4.0622 
4.7500 
5.7500 
6.0278 
12.7500 
5.0000 
4.5000 
293.15 
473.15 
673.15 
873.15 
973.15 
1023.15 
1073.15 
1173.15 
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5.3 Process parameters in FEM simulation 
The processes parameters are texture type, edge distance, pitch size, height and shear friction. 
4 type patterns are engraved on tool rake surface within tool tip distance 2mm  (Figure 83). The 
patterns are non-pattern, perpendicular, parallel, and rectangular type. Non-pattern is default type (no 
texture). The perpendicular type is linear pattern along tool edge. The parallel is vertical linear pattern 
along tool edges. The rectangular type is cross-linear pattern on rake surfaces. The texture types are 
represented in Figure 84. 
 
Figure 83. Designed textured tool (parallel type) 
 
 
   (a)                        (b) 
 
   (c)                       (d) 
Figure 84. Texture type on tool rake surface; (a) non-pattern; (b) perpendicular; (c) parallel; (d) 
rectangular 
 
According to previous result [98], the one of important factor is edge distance. Therefore, the 
Edge	distanceR	0.8	mm
( ) (b) (c) (d)
(a) (b) (c) (d)
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variable edge distances are 50, 100, 150 mµ . The pith sizes are 50, 100, 150 mµ . The height are 50, 
100 mµ . In addition, the cutting force, friction was analyzed with shear friction 0.2, 0.6, 0.8. The 
process parameters are listed in Table 14. 
 
Table 14. Process parameter for textured insert simulation [133] 
Case no. Parameter Variable Fixed 
1 Texture shape 
Non-pattern Edge distance [ mµ ] 100 
Perpendicular Pitch size [ mµ ] 100 
Parallel Height [ mµ ] 50 
Rectangular Friction 0.6 
2 Edge distance [ mµ ] 50, 100, 150, 300 
Texture shape Perpendicular Parallel 
Pitch size [ mµ ] 100 
Height [ mµ ] 50 
Friction 0.6 
3 Pitch size [ mµ ] 50, 100, 150 
Texture shape Perpendicular Parallel 
Pitch size [ mµ ] 100 
Height [ mµ ] 50 
Friction 0.6 
4 Texture height [ mµ ] 50, 100 
Texture shape Perpendicular Parallel 
Edge distance [ mµ ] 100 
Pitch size [ mµ ] 100 
Friction 0.6 
5 Shear friction  0.2, 0.6, 0.8 
Texture shape Perpendicular Parallel 
Edge distance [ mµ ] 100 
Pitch size [ mµ ] 100 
Height [ mµ ] 50 
 
5.4 Results and Discussion 
5.4.1 Effects of texture shape 
Case no.1 from Table 14 has been considered for the study of the effect of the shape of the 
texture on the machining response. The effect of the textures on the cutting forces and the effective 
friction coefficient were performed at an edge at 50 mµ , and a shear friction of 0.6. Figure 85 
showed that the force in the cutting direction is the maximum in all type of forces and it is least 
with the perpendicular texture shape. Six percent reduction in the cutting force has been predicted 
in the perpendicular texture than the flat tool. The thrust direction force is again minimized for the 
perpendicular texture. The only force in the feed direction is maximized with perpendicular texture. 
The amount of the feed direction force is very less; therefore, it can be neglected.  
From Figure 85, it is clear that the effective coefficient of friction (thrust/cutting force) was 
lowest for the perpendicular and parallel texture. However, the lowest cutting and thrust force 
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occurred with the perpendicular texture. The largest friction occurred for the flat (non-texture), as 
shown in Figure 85. All of the textures showed similar behavior as to reduce the friction than the flat 
textured tool. Based on the cutting force data and the effective coefficient of friction, it can be stated 
that the perpendicular texture is the best shape of the texture, which can be studied further with the 
variation in the size. Twenty-five percent reduced friction coefficients have been predicted with the 
perpendicular texture than the flat nontextured surface. The similar results have also been suggested 
by other researchers [98, 103]. 
 
 
Figure 85. Predictive force and friction factor of various texture shapes 
 
The chip was subjected at higher stress after the pitch position (see Figure 86-(a)~(d)). The 
parallel and rectangular textures clearly concentrated the stress on the pattern position. The texture of 
the rake face governed the chip flow direction based on the shape of the texture. The flat and 
rectangular textures showed the chip flow angles of 75–76°. The perpendicular texture had the 
smallest chip flow angle of 44°, the chip is following in the pattern direction towards the unmachined 
area of the workpiece. The parallel texture had a 90° chip flow angle, due to the rotation of the chip in 
the direction of the parallel pattern. Thus, the perpendicular texture had the effect of decreasing the 
cutting force by curling the chip away from the rake face. This can be attributed as the similar effect 
of oblique cutting than the orthogonal cutting. A close control on chip flow direction can help in 
effective chip removal from the machining zone and can further help in designing an automated 
process. 
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                (a) Flat              (e) Flat 
 
(b) Perpendicular                 (f) Perpendicular 
 
(c) Parallel                        (g) Parallel 
 
(d) Rectangular                  (h) Rectangular 
Figure 86. (a)–(d) Effective stress on the tool-workpiece cross-section. (e)–(h) chip flow angle for 
varied pattern types 
 
5.4.2 Effects of edge distances 
The simulation conditions of case no. 2 in Table 14 have been considered for the study of the 
edge distance on the cutting forces, effective coefficient of friction, and the chip flow angle. Figure 87 
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present that the cutting force decreases by 30 % if the edge distance changes from 50 to 100 mµ . 
Further increase in the edge distance increases the cutting force by a small amount. A 7 % increase in 
the cutting forces was predicted if the edge distance changes to 150 mµ . However, the cutting force of 
the parallel pattern is maximized in edge distance 150 mµ . Cutting force data represents that there are 
no changes in the cutting force if the edge distance changes to 300 mµ . It showed that the cutting 
force was minimum at an edge distance of 100 mµ  which agreed with the previously reported work 
[98]. The smaller edge distance prevents the chip separation and therefore the predicted cutting force 
was higher. As the edge distance increases, the secondary shear zone shifts to the region of the 
textured and non-textured surface which again increases the cutting force. Parallel pattern type 
slightly reduces the cutting, thrust, feed and friction coefficients with increasing edge distances but, 
excluding 150 mµ  of edge distance. Edge distance 300 mµ  of parallel type minimized the forces 
among the edge distances. However, friction coefficient of parallel type is larger than factors of 
perpendicular type as much as 6% in edge distance 300 mµ .   
The value of edge distance of 100 mµ  can be considered as the optimum value for keeping 
the secondary shear zone on the textured surface and provide chip separation. Similar to the cutting 
force, thrust force showed the similar trend except the maximum edge distance of 300 mµ . The feed 
force is maximized in 100 mµ  edge distance; it can be ignored due to the low value of the feed force. 
The effective friction coefficient is found minimum at 300 mµ  edge distance.  
 
 
Figure 87. Predictive force and friction for the perpendicular and parallel patterns  
as a function of edge distance 
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Figure 88 shows the effect of the edge distance on the chip flow angle. The predicted chip 
angle varies from 116° at the edge distance of 50 mµ  to 44° at the edge distance of 100 mµ . The 
decrease in the chip angle supports the chip to escape out from the rake face. Further, the chip angle 
increases to 55° if edge distance changes to 150 mµ . The maximum edge distance of 300 mµ  showed 
the chip angle at 49°. As in Figure 89, the chip flow angles were predicted for parallel pattern type 
cutting insert. Parallel type tool rotates counter-clocks of flow angles with increasing edge distances. 
The minimized ration angle is edge distance 300 mµ  in parallels type. The rotation angles of chip 
flow are counter-clock in both of perpendicular and parallel type cutting tool with increasing of edge 
distances. The most values of chip rations in parallels are smaller than those of perpendiculars. It 
means further increases in the edge distance results in minimization of the chip rotation angle due to 
the shifting of the secondary shear zone into the transition line between the textured and the plane 
surface. 
 
(a) 50 mµ                (b) 100 mµ  
+      
(c) 150 mµ                    (d) 300 mµ  
Figure 88. The chip flow angles of perpendicular type with various edge distances  
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(a) 50 mµ                    (b) 100 mµ  
       
(c) 150 mµ                      (d) 300 mµ  
Figure 89. The chip flow angles of parallels type with various edge distances 
 
5.4.3 Effects of pitch size 
Case no.3 in Table 11 has been simulated to analyze the effect of the pitch size on the cutting 
forces, effective coefficient of friction and chip flow angle on the perpendicular and parallel texture at 
100 mµ  edge distance, 50 mµ  feature heights, and 0.6 shear friction coefficient. Figure 90 represents 
variation of cutting force and friction coefficient with the pitch size of perpendicular and parallel 
pattern type. It is predicted that the cutting force decreases if the pitch size increases from 50 to 100
mµ  by 33 %. Further increase in the pitch size increases the cutting force by 36 %. In addition of the 
cutting force, the feed force and the thrust force are minimized at the pitch size of 100 mµ . Parallel 
pattern is similar results for perpendiculars. When pitch size is 50 mµ  to 100 mµ  in parallel pattern, 
the cutting force is reduced by 15% .On the other hand, 100 mµ  to 150 mµ  in parallel type inrease 
the cutting forces as much as 69%. However, the experimental results [98, 103] indicated that the 
force diminished as the pitch size increased linearly. This was due to the different size effects in the 
experiments. The effective coefficient of friction is almost stable with the change in the pitch size. In 
the experiments [98], the friction coefficient in the cutting direction increased as the pitch size 
increased. A negligible increase in the coefficient of friction has been shown by the predicted force in 
Figure 90.  
The chip flow angle is shown in Figure 91. The chip flow angle is a maximum of 44° for the 
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pitch size of 100 mµ  in perpendicular pattern. The chip flow angle changes to 30° if the pitch size 
changes to 150 mµ . The chip flow angle was acquired at 26° if the pitch size was 50 mµ . However, 
the behavior of parallel type is opposition that the minimum bend angle of chip flow is 100 mµ .  
Therefore, it can be concluded that the fine texture can bend the chip more effectively due to gripping 
the deformed material over the channels of the perpendicular texture. The parallel can influence 
helping to chip flow angle, but the cutting force is higher than those of perpendicular type. 
 
 
Figure 90. Predictive force and friction for the perpendicular and parallel patterns  
as a function of edge distance 
 
 
              (a) 50 mµ                   (b) 100 mµ                  (c) 150 mµ  
Figure 91. The chip flow angles of perpendicular type following various pitch size 
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             (a) 50 mµ                   (b) 100 mµ                (c) 150 mµ  
Figure 92. The chip flow angles of parallels type following various pitch size 
 
5.4.4 Effects of texture heights 
Figure 93 shows the predictive forces and the effective coefficient of friction for texture 
heights of 50 and 100 mµ  (case no. 4 in Table 14) on perpendicular and parallels features at edge 
distance of 100 mµ , pitch size of 100 mµ , and a friction coefficient of 0.6. It is predicted that the 
cutting force is increased by 23% if the height of the pattern increases from 50 to 100 mµ  on 
perpendicular type. Cutting force of parallel pattern had been increased for 80% with height 50 to 100
mµ . Both patterns show the similar results. The thrust and the feed forces show almost flat response 
and no change with the change in the pattern height in both pattern types. Increase in the height 
showed a little decrease in the effective coefficient of friction in both of texture types.  
 
 
Figure 93. Predictive force and friction for the perpendicular and parallel patterns  
as a function of height 
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The experimental results  [98, 103] showed the opposite tendency: The measured force 
decreased as the height increased. However, the height range in the simulation is greater than the 
experiments. The pattern height in the experiments was less than 10 mµ . The chip flow angle 
decreases if the height of the textures increases to 100 mµ  (see Figure 94 and Figure 95) in 
perpendicular pattern. But, the minimized chip flow angle 65.3o  is height of 100 mµ  parallel pattern. 
The chip bending ability increases with increase in the height of the texture. Therefore, effectiveness 
of the texture increases with the height in perpendicular type. 
 
                           (a) 50                (b) 100  
Figure 94. Effect of texture height on the chip flow angle   
 
 
(a) 50               (b) 100   
Figure 95. Effects of texture height on the chip flow angle  
 
5.4.5 Effects of friction factor 
Simulations are performed based on the case no. 5 in Table 14. Three levels of shear friction 
have been considered at and edge distance of 100 mµ , pitch size of 100 mµ , and a texture height of 
50 mµ  on perpendicular and parallel texture. Figure 96 shows effect of shear friction on the cutting 
forces. Increase in the shear friction from 0.2 to 0.4 does not show any effect of cutting force; 
however, additional increase to 0.6 shows a reduction of 22 % in the main cutting force of 
perpendicular pattern. Furthermore, the cutting force of parallels type is reduced as much as 10 %. 
The thrust force is limited to 53.5 N, whereas the feed force is limited to 31 N, which is much lesser 
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than the value of the cutting force. The minimum value of the cutting force is about 130 N at the 
highest friction coefficient of 0.6 in both pattern types. The friction force applied on the rake face has 
a component in the direction opposite to the cutting force. If the coefficient of friction increases, it 
increases the component of the friction force in the opposite direction of the cutting force due to 
negative rake angle. Therefore, increase in the friction coefficient showed reduction in the main 
cutting force. The effective coefficient of friction is directly related to the shear friction coefficient. It 
increases from 0.26 to 0.41 and 0.2 to 0.4 in perpendicular and parallels types, if the shear friction 
coefficient changes from 0.2 to 0.6. It shows that the texture support to the lower friction coefficient 
but reduces the maximum shear friction coefficient. Increase in the friction coefficient increases the 
frictional force on the chip; therefore, increase in the shear friction showed more bending of the chip 
and a lower chip flow angle. The lowest coefficient of friction showed a chip flow angle of 52° and 
the maximum coefficient of friction showed a minimum chip flow angle of 44° (Figure 97). The 
parallels pattern rotate chip flow angles to counter clock as in Figure 98. Angles of chip flows in 
parallels (111o to 90o) are larger than those of perpendiculars. It imply that perpendicular pattern 
happen to help controlling chip flows during the machining.  
 
 
Figure 96. Effect of friction factor on the predictive force in perpendicular and parallel pattern types 
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                (a)                         (b)                         (c) 
Figure 97. Effect of friction force on the chip flow angle  
at (a) 0.2 (b) 0.4 and (c) 0.6 in perpendicular pattern type 
 
 
               (a)                        (b)                          (c) 
Figure 98. Effect of friction force on the chip flow angle  
at (a) 0.2 (b) 0.4 and (c) 0.6 in parallels pattern type 
 
5.5 Conclusions 
The current work reported the effectiveness of the tool texturing in hard turning process. The 
effect of textured tool on cutting forces, effective friction coefficient, and chip flow angle has been 
simulated by Deform 3D® for hard turning. A turning operation was simulated with the tool having 
flat non-textured rake face and three different kinds of textures (perpendicular, parallel, and rectangle 
shape). It was observed that the predicted cutting forces and effective friction were decreased with the 
perpendicular type texture. A 6 % reduction in the main cutting force and 25 % reduction in the 
effective friction were predicted with perpendicular texture compared to a non-textured flat tool. The 
maximum reduction of 28 % in the effective friction coefficient has been predicted with parallel 
texture. Further, dimensions of the texture were varied to analyze the effect of the size of the texture 
on the cutting force, effective friction coefficient, and the chip flow angle. Edge distance, pitch size, 
and height of the texture were considered as texture dimension. Additionally, friction factor at the 
tool-chip interface was varied to show the effect on the cutting force and the chip flow angle. Thirty 
percent lower cutting force was predicted with 100 mµ  edge distance than a shorter edge distance of 
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50 mµ  in perpendicular textures. However, maximized cutting force is in edge distance of 150 mµ  
for parallels textures. Pitch size effect showed a 33 % reduction in the main cutting force if pitch size 
changes from 50 to 100 mµ . Eighteen percent and eighty percent reduction in the main cutting force 
of perpendicular and parallel types have been predicted if the height of the texture is reduced from 
100 to 50 mµ . Cutting force was decreased by 22 % at a friction factor of 0.6 than in the other two 
conditions. Variation in friction factor from 0.2 to 0.4 has negligible effect on the cutting force. An 
edge distance of 100 mµ , pitch size of 100 mµ , texture height of 50 mµ , and friction factor of 0.6 
showed the minimum cutting force with perpendicular type. An edge distance of 300 mµ  represented 
the minimum cutting force of parallel textures. On the other hand, the effective friction coefficients at 
tool-chip interface are minimized in perpendicular textured tool. A natural chip flow angle of 75° has 
been predicted at non-textured at the current cutting conditions. The perpendicular and the parallel 
texture can change the chip flow angle at 44° and 90°, respectively. The rectangular texture does not 
show any alteration in chip flow angle. Simulation results showed that the chip flow angle can be 
governed from 116° to 44° via edge distance. Pitch size can play the chip flow angle between 26° and 
30°, whereas the texture height can play between 35° to 44° in perpendicular and between 90° to 64° 
in parallels type at the considered range of the texture parameters. The friction factor can vary the chip 
flow angle between 44° to 52° for perpendicular type and between 111.1o to 90o for parallels type. A 
compact control on the chip flow angle can help in designing the chip breaker and chip removal from 
the machining zone effectively. 
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CHAPTER 6 
EXPERIMENT WORKS OF MICROPATTERNED INSERT 
 
 
 
6.1 Fabrication of the micropatterned insert 
Since CBN tool materials with metallic binders are conductive, they can be machined by 
EDM. To fabricate micropatterns on CBN inserts, a micro EDM process was used. Figure 99 shows 
the micro EDM system used. It consisted of the EDM bath, x, y, and z stages and the EDM pulse 
generator. For the pulse generator, a RC circuit was used [137]. The workpieces were CBN inserts 
(CB7025, SandVik). The tool electrode material was a tungsten carbide alloy (WC-Co). It was 
machined to a cylindrical micro tool electrode using micro EDM. 
 
 
Figure 99. System for micro EDM 
 
In conventional micro EDM milling, a tool electrode is fed along a tool path. Because the 
tool wears out in EDM, the machined surface is not flat, but inclined, as shown in Figure 100-(a). 
Thus, it is necessary to compensate for tool wear to obtain a flat surface [96]. However, tool wear 
during the process is difficult to estimate. In this study, to obtain a flat surface, a linear pattern was 
machined layer-by-layer. While keeping the layer depth minimized, the whole area was machined 
using one-layer machining. Tool wear occurs even using this method, but a flat surface can be 
obtained. Figure 100-(b) shows the movement of the tool electrode and the workpiece. The tool 
electrode was fed down slowly (1–2 /m sµ ) while the workpiece moved rapidly (4mm ) along a line 
pattern. This movement caused sparks on the bottom of the tool electrode, which is helpful in making 
a machined flat surface. 
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(a)                               (b) 
Figure 100. Movement of the tool electrode and workpiece: (a) conventional EDM milling and (b) 
layer-by-layer EDM machining 
 
Figure 101 shows SEM images of micropatterns that were machined on the CBN insert. 
Figure 102 shows the profile of the line pattern, which was measured by a non-contact three-
dimensional surface profiler (NANO View-E1000, NanoSystem Co.). The line pattern was machined 
with a micro tool electrode with a diameter of 90 mµ . The width of the line pattern was ~110 mµ  and 
the depth was ~50 mµ . It took ~4 min to machine a pattern of 1.5mm  in length. Machining time 
depends on the discharge energy in EDM: higher discharge energy can reduce the machining time, but 
increases surface roughness. In micro EDM using a RC circuit, the discharge energy varies according 
to an applied voltage and capacitance. In this study, 100 V was used and 2000, 6800, and 10000 pF 
were tested. Table 1 lists the effects of capacitance on tool wear and roughness. As capacitance 
increased, tool wear and surface roughness increased. More tool wear means that a more machining 
time is needed to obtain a specific machining depth. When a lower capacitance was used, many short 
circuits were observed, because the MRR was too small compared with the feed rate. Considering tool 
wear and surface roughness, 2000 pF was used to machine micropatterns on CBN inserts in this study. 
 
 
(a)                                     (b) 
Figure 101. (a) SEM image of linear patterns on a CBN insert; (b) enlarged view 
 
depth of cut wear
4 mm/s
1 µm/sTool feed
500μm 100μm
100 
 
 
                   (a)                                        (b) 
Figure 102. Profile of a line pattern measured with a surface profiler:  
(a) x direction and (b) y direction. 
 
Table 15. Tool wear and surface roughness according to capacitance (applied voltage 100  , 
machining depth 50 mµ , and machining length 1.5mm ) [138] 
Capacitance ( pF ) Tool wear (longitudinal, mµ ) Surface roughness (Ra, mµ ) 
2000 146 0.22 
6800 154 0.25 
10000 164 0.36 
 
6.2 The configuration of hard turning experiments  
Cutting experiments were conducted on a lathe with the micropatterned inserts, as shown in 
Figure 103. The lathe was a TSL-6 (S&T Dynamics, Korea). The machining experiments used AISI 
52100 hardened steel and were conducted in dry machining conditions. Table 16 lists the chemical 
composition of AISI 52100. The hardened steel was heat-treated and checked with a Vickers hardness 
tester (Tukon 2100B, Instron Inc.). The hardness of the workpiece was 44 HRC. The dimensions were 
45 mm in diameter and 150 mm in length, as shown in Figure 103-(b). The holding length was 50 mm 
of the whole piece using a hydraulic clamp. Then, the tailstock was grabbed through the center hole of 
the sample to prevent chattering, as shown in Figure 103-(a). The material of the tools was CBN and 
the chamfer angle was 0.1 mm  -25° (negative angle). The tool holder was a DCLN model, in which 
the rake, clearance, and inclination angles were -6°, -6°, and 95°, respectively. Thus, the total rake 
angle was -31° for calculating the shear angle. 
The three-dimensional force was measured using a piezoelectric force sensor (Kistler 9257B, 
Switzerland). The directions of Fx, Fy, and Fz are cutting, thrust, and feed force, respectively, as 
shown in Figure 103-(b). The voltage signal was input to a personal computer through an amplifier 
and then the DAQ program was used to determine force data. Chip formation and tool geometry were 
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observed using scanning electron microscopy (SEM; Hitachi S-4800, Japan). Tool wear was assessed 
via optical microscopy (Leica VZ100, Switzerland). The experiments corresponded to surface 
velocity (V ), feed rate ( f ), and the depth of cut ( pa ) values in the ranges of 182.9–382.9 / minm , 
0.152–0.352 /mm rev , and 0.103 mm , respectively, to compare the force, friction, and chip 
morphologies between the micropatterned and non-patterned inserts. Cutting experiments for the tool 
wear were conducted with an increase in MRR at a fixed surface velocity (V ) 182.9, 382.9 / minm , 
feed rate ( f ) 0.152 /mm rev , and depth of cut ( pa ) 0.103mm  between micropatterned and non-
patterned inserts. Table 16 lists the detailed machining conditions. 
 
Table 16. Chemical composition of workpiece material AISI 52100 in wt% [139]. 
Element C Cr Fe Mn Si P S 
Percent weight 0.98–1.1 1.4 97.05 0.35 0.25 < 0.25 < 0.25 
 
 
(a)                                    (b) 
Figure 103. (a) Experimental setup for micropatterned insert; (b) dimensions of the workpiece 
 
Table 17. Machining conditions for the micropatterned insert [138] 
CNC lathe TSL-6 (S&T Dynamics, Korea) 
Experiments for force, coefficient of friction 
surface velocity, V  182.9–382.9 / minm  
feed rate, f  0.152–0.352 /mm rev  
depth of cut, pa  0.103 mm  
Experiments for tool wear 
surface velocity, V  182.9, 382.9 / minm  
feed rate, f  0.352 /mm rev  
depth of cut, pa  0.103 mm  
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6.3 Friction coefficient model of chip-morphology 
In this section, the friction factor is explained using equations for chip formation. The metals 
in the chips were deformed toward the tip ahead of the tool. The cutting force yielded shear 
deformation of the metals, which changed the chip thickness between the undeformed chip and the 
deformed chip. In this study, the shear deformation during the hard turning was approximating three 
dimension machining to two dimensional machining, both in conventional and saw chip formation 
[104, 140, 141]. The coefficient of friction was just compared for micropatterned and non-patterend 
tool based on the assumption. The cutting ratio can be defined as:  
 
 0
c
tr
t
=   (82) 
Where, r  is the chip thickness ratio, 0t  is the undeformed chip thickness (viz. feed rate), 
and ct  is the deformed chip thickness. 
 
The shear angle can be expressed as: 
 
 1 costan
1 sin
r
r
αφ
α
− ⎛ ⎞= ⎜ ⎟−⎝ ⎠
  (83) 
where, φ  is shear angle and α  is the rake angle. 
 
The friction angle ( β ) can be represented as:  
 
 90 2β α φ= + −   (84) 
Then, the coefficient of friction ( µ ) is defined as: 
 
 tanµ β=   (85) 
The saw-chip mechanisms are two theories about the cutting of hardened steels. The first is 
that cracks begin regularly on the free surface ahead of the tool and propagate partway toward the tool 
tip [142]. The second is that an ‘adiabatic shear’ is produced from thermal instability, causing a 
catastrophic failure within the primary shear zone .  
Consequently, the model of continuous chip formation is inappropriate for saw-chip 
formation. The cutting ratio ( r ) of a saw-chip is defined as dividing the average tooth pitch ( cp ) by 
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the average value of p  as: 
 
 cpr
p
=   (86) 
The cutting ratio ( r ) [143] is related to shear angle (φ ) as follows: 
 
 sin
cos( )
r φ
α φ
=
+
  (87) 
Thus, the form of Equation (83) can be changed to: 
 
 1 costan
1 sin
r
r
αφ
α
− ⎛ ⎞= ⎜ ⎟+⎝ ⎠
  (88) 
The friction angle [144] is defined as:  
 
 45β α φ= + −   (89) 
Then, the coefficient of friction in saw-chip formation is the same as in equation (84). The 
chips are continues and saw morphology types in hard turning (Figure 104).  
 
 
Figure 104. Measurement of chip morphology in (a) continues type 
 (b) saw type on hard turning process 
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6.4 Criterion and measurement of tool wear in micropatterned tool  
Flank wear was assessed by a cyclic MRR (material removal rate, 3 / minmm ), defined as: 
 
 avgMRR D dfNπ=   (90) 
Where, avgD  is the average diameter (mm ), d  is the total depth of the cut (mm ), f  is 
the feed rate ( /mm rev ), and N  is the RPM ( / minrev ). The wear criterion is 0.2mm of flank wear 
lengths. It will be observed increasing in MRR. Measured wear data are defined in Figure 105 for 
flank wear and crater wear. 
 
Figure 105. The measuring point for wear length after the hard turning process 
 
6.5 Results and Discussion 
6.5.1 Effects of feed rates in micropatterned insert 
Figure 106 presents the results of force for the non-patterned and micropatterned inserts 
according to feed rate. The surface velocity, Vs = 182.9 / minm , and the depth of cut, ap = 0.103mm , 
were fixed in this case. The error bars are smaller than the differences of reduced forces between non-
patterned and patterned tool excluding high feed rate (Figure 106). These results imply that the 
patterned tools have limited effects in low feed rates. All kinds of force increased with increasing feed 
rate, regardless of whether inserts were non-patterned or micropatterned, but the forces for the 
micropatterned insert were lower than those for the non-patterned insert. The reduced percentages 
were greater at lower feed rates, but smaller decreases were observed at a high feed rate. Thus, the 
lower the feed rate, the more a micropatterned insert can benefit from the effect of reduced force.  
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(a)                                   (b) 
 
(c)                                   (d) 
Figure 106. The measured force of: (a) cutting, (b) thrust, (c) feed, and (d) the results for a non- 
patterned and a micropatterned insert ( sV  = 182.9 / minm , pa  = 0.103mm ) 
 
Figure 107 shows SEM images for chip geometry produced with non-patterned and 
micropatterned inserts. They reveal that saw-chips were generated for a feed rate above 0.252 
/mm rev  while continuous chips were produced at a lower feed rate (0.152 /mm rev ). However, the 
chip morphology was similar in non-patterned and micropatterned inserts. Thus, feed rate had 
stronger effects than the non-patterning or micropatterning of the tool in terms of continuous versus 
saw-chip formation. 
The cutting ratio, shear angle, friction angle, and coefficient of friction were calculated using 
the equations above. Table 18 lists the full values and Figure 108 resents the coefficients of friction. 
The micropatterned insert produced a larger shear angle and smaller coefficient of friction than the 
non-patterned tool. Increasing the feed rate reduced deviations of force, the coefficient of friction 
between micropatterned and non-patterned insert. Reducing the force by micropatterning the tool rake 
surface in turn reduces friction at the tool-workpiece interface. These results are in close agreement 
10.4%
4.0%
2.5%
10.5%
10.7%
6.3%
18.7%
9.3%
4.0%
10.9%
8.2%
4.7%
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with previous findings in [103]. However, the reduction in friction by the micropatterned tool is 
limited at low feed rates in this result. 
 
 
Figure 107. Chip morphologies with increase in feed rates:  
(a)–(c) non-patterned and (d)–(f) patterned tools 
 
Table 18. Calculated cutting ratio, shear angle, friction angle, and coefficient of friction with increases 
in feed rates between non-patterned and micropatterned tools [138] 
 
Feed rate, 
Undeformed 
chip 
thickness 
( mµ ) 
Deformed chip 
thickness 
( mµ ) 
Cutting 
ratio 
( r ) 
Shear 
angle 
(φ ) 
% 
Friction 
angle 
( β ) 
Coefficient 
of friction 
( µ ) 
% 
Non-Patterned 
152 
220.7 0.69 42.5 
-12.4 
36.1 0.73 
-34.5 
Micropatterned 196.7 0.77 47.8 25.5 0.48 
Non-Patterned 
252 
cp  85.0 p  40.5 2.11 40.9 
-15.3 
35.1 0.70 
-21.5 
Micropatterned cp  92.0 p  25.9 3.65 47.1 28.9 0.55 
Non-Patterned 
352 
cp  104.7 p  34.8 3.04 45.3 
-5.41 
30.7 0.59 
-9.54 
Micropatterned cp  120.3 p  31.6 3.84 47.8 28.2 0.54 
 
(b)(a) (c)
(d) (e) (f)
Non-Patterned, Vs=182.9 m/min, 
f=0.152mm/rev, ap=0.103mm
Non-Patterned, Vs=182.9 m/min, 
f=0.252mm/rev, ap=0.103mm
Non-Patterned, Vs=182.9 m/min, 
f=0.352mm/rev, ap=0.103mm
Patterned, Vs=182.9 m/min,
 f=0.152mm/rev, ap=0.103mm
Patterned, Vs=182.9 m/min, 
f=0.252mm/rev, ap=0.103mm
Patterned, Vs=182.9 m/min, 
f=0.352mm/rev, ap=0.103mm
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Figure 108. Coefficient of friction according to feed rate 
 
6.5.2 Effects of surface velocity in micropatterned tool 
Figure 109 suggests that force depends on increasing surface velocity for non-patterned and 
micropatterned inserts. The surface velocity was 182.9–382.9 / minm , and depth of cut and feed rate 
were fixed in this case. The variations of forces between non-patterned and patterned tool are larger 
than all of error values excepting high surface velocity (Figure 109). The cutting force is decreased 
with a higher surface velocity. This result is due to the workpiece being subjected to thermal softening 
at a higher surface velocity and increased cutting temperature. The effectiveness of the micropatterned 
insert was reduced at a high surface velocity. The micropatterned insert can help to reduce forces, 
depending on the ranges of patterns and parameters. 
Figure 110 shows SEM images of chip morphology with increasing surface velocity. It also 
shows calculated cutting ratio, shear angle, friction angle, and coefficient of friction using the upper 
equations with increasing surface velocity. Figure 111 presents the coefficients of friction; Table 19 
lists detailed values. The chip morphologies changed from continuous to saw-chip over a surface 
velocity of 282.9 / minm , as shown in Figure 110. The figure shows that the chip thickness was 
thinner, leading to less force using the patterned tool. The shear angle of the chips using the patterned 
tool is larger than those of the non-patterned tool, as shown in Table 19.  
According to Xie et al [145], the largest shear angle leads to the smallest chip formation and 
slight heat generation. Thus, the patterned tool can effectively reduce the cutting temperature. While 
the coefficients of friction increased slightly using the non-patterned tool, those of the micropatterned 
insert increased dramatically, from a surface velocity of 182.9–282.9 / minm . It also increased the 
difference in the coefficient of friction between the non-patterned and micropatterned inserts. These 
results indicate that the tribological characterization of the tool-workpiece interface increases with 
force. Thus, a patterned tool can improve the characterization of the tool-workpiece interface at lower 
or higher surface velocities. 
34.5%
21.6% 9.5%
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(a)                                   (b) 
 
(c)                                   (d) 
Figure 109. Measured force: (a) cutting, (b) thrust, (c) feed, and (d) results for non-patterned and 
micropatterned inserts (f = 0.152 / minm , ap = 0.103mm ) 
 
Figure 110. Chip morphologies with an increase in surface velocity: 
 (a)–(c) non-patterned and (d)–(f) micropatterned inserts 
10.4% 1.2% 0.2%
10.5% 6.5%
4.1%
18.7% 6.6% 2.8%
10.9% 4.7%
2.5%
(a) (b) (c)
(d) (e) (f)
Non-Patterned, Vs=182.9 m/min, 
f=0.152mm, d=0.103mm
Non-Patterned, Vs=282.9 m/min, 
f=0.152mm, d=0.103mm
Non-Patterned, Vs=382.9 m/min, 
f=0.152mm, d=0.103mm
Patterned, Vs=182.9 m/min,
f=0.152mm, d=0.103mm
Patterned, Vs=282.9 m/min,
f=0.152mm, d=0.103mm
Patterned, Vs=382.9 m/min,
f=0.152mm, d=0.103mm
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Table 19. Calculated cutting ratio, shear angle, friction angle, and coefficient of friction with an 
increase in surface velocity between non-patterned and micropatterned tools (fixed undeformed chip 
thickness 152 mµ ) [138] 
 
Surface 
velocity 
( / minm ) 
Deformed chip 
thickness 
( mµ ) 
Cutting 
ratio 
( r ) 
Shear 
angle 
(φ ) 
% 
Friction 
angle 
( β ) 
Coefficient 
of friction 
( µ ) 
% 
Non-Patterned 
182.9 
220.7 0.69 42.5 
-12.4 
36.1 0.73 
-34.5 
Micropatterned 196.7 0.77 47.8 25.5 0.48 
Non-Patterned 
282.9 
cp  85.0 p  40.5 2.11 38.1 
-4.8 
38.0 0.78 
-6.4 
Micropatterned cp  92.0 p  25.9 3.65 39.9 36.1 0.73 
Non-Patterned 
382.9 
cp  104.7 p  34.8 3.04 34.5 
-12.2 
41.5 0.89 
-14.0 
Micropatterned cp  120.3 p  31.6 3.84 38.7 37.3 0.76 
 
 
Figure 111. The coefficient of friction according to surface velocity 
 
6.5.3 Evaluation of tool life in hard turning process 
Figure 112 shows flank and crater wear with non-patterned and patterned tools. The patterned 
tool exhibited less flank wear than the non-patterned tool: 11.4 % at 382.9 / minm  and 9.7 % at 182.9
/ minm . The tool wear of micropatterned insert was higher than the tool wear of non-patterned insert 
at initial MRR point on the high surface velocity. The patterned tool may can only less wear at high 
MRR (increased depth of cut). In addition, the flank wear between non-patterned and patterned tool is 
very similar at surface velocity 182.9 / minm . In hard turning, flank wear is caused by abrasion, 
adhesion, and diffusion, but mainly by adhesion and diffusion [146]. A pattern on the tool rake surface 
improves the coefficient of friction by reducing adhesion and diffusion, and thereby reducing force 
and temperature [102]. Thus, a patterned tool can improve flank wear, but they have limited in high 
34.3%
6.4%
14.0%
110 
 
surface velocity and high MRR by this study. In addition, the differences in crater wear between the 
non-patterned and patterned tools were minimal, as shown in Figure 112-(b) and (c). and show the 
experimental results for flank and crater wear. 
 
(a) 
 
(b) 
 
(c) 
Figure 112. (a) Flank wear; (b) crater wear width; (c) crater wear length 
( f = 0.352 /mm rev , pa = 0.103mm ) 
 
Avg. 
11.4%
Avg. 9.7%
Avg. 3.2%
Avg. 2.8%
Avg. 3.7%
Avg. 1.7%
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Figure 113. Flank wear at 382.9 / minm  surface velocity: (a)–(d) non-patterned 
 and (e)–(h) micropatterned inserts 
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Figure 114. Crater wear at 382.9 / minm  surface velocity: (a)–(d) non-patterned and (e)–(h) 
micropatterned inserts. 
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6.6 Mechanism of reduced friction in micropatterns on CBN tool rake surfaces 
Chips are formed by the tool edge and follow the rake surface, as shown in Figure 115-(a). 
The insert surface contacts the chip produced along the contact length, as shown in Figure 115-(c).. 
Thus, the cross-section of the contact zone (A-A’) can be represented as shown in Figure 115-(b) and 
(c).  
The micropatterns on tool rake face have been verified to be a beneficial candidate for the 
tribological properties. The micropatterns have vacant areas under the surface that are filled with the 
air in dry conditions. These air gaps increase shear deformation compared with a non-patterned tool 
(Figure 115-(b)). Moreover, they may induce hydrophobicity, results in reduction in adherence [147]. 
Accordingly, micropatterns on the CBN rake surface lead to reduce the friction. Furthermore, the wear 
particles between tool-chip interfaces are removed from contact zone by falling into the micro-pocket. 
The cavity volume of micropatterns can prevent the abrasive wear [95]. Moreover, the contact areas 
(or contact lengths) of tool-chip interfaces were dwindled by micropatterns that enhance the adhesion 
wear [103, 104]. The last effect is the distribution of the contact stress. Previous research has shown 
that the patterns on the surface obstruct the inordinate concentration of the contact stress and 
uniformly distribute that contact stress [95]. For that reason, the fretting may interred to be stable. 
This phenomenon occurs oscillatory relative motion when the solid surface contact in low amplitude 
[148]. The particle generation is reduced thought stable magnitude, results in a decrease abrasive wear. 
Overall, the micropatterned tool can improve the tribological characteristics such as the abrasive and 
adhesion mechanisms in tool-chip interfaces. As explained in principles, the friction coefficient and 
flank wear of miropatterned insert become smaller than those of non-patterned insert.  
 
 
(a) 
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(b) 
 
(c) 
Figure 115. (a) Mechanism schematic of reduced friction due to micropatterning on the CBN tool rake 
face: cross-section A-A’ of (b) micropatterned and (c) non-patterned insert surfaces 
 
6.7 Conclusions 
In this study, a micropatterned insert was fabricated using an EDM process. It was effective 
in reducing cutting forces, coefficient of friction, and tool wear. The improvement in tribological 
conditions at the tool-workpiece interface might have resulted in this beneficial effect. The coefficient 
of friction was calculated by modeling continuous and saw-chip formation. The resulting force of the 
micropatterned insert was reduced by 2.7~10.5 % due to a reduction in friction by 9.5~34.5 % as 
compared with the non-patterned insert under varying feed rates. On the other hand, the 
micropatterned insert decreased the resultant force by 2.5~10.9 % due to reduction in friction by 
6.4~34.3 % under varying surface velocities. These effects were most apparent at low feed rates and 
surface velocities. The flank tool wear of the micropatterned insert was reduced by 9.7~11.4 % as 
compared with the non-patterned insert. However, the development crater wear differed a little, 
between the non-patterned and micropatterned inserts. Micropatterned on CBN inserts reduced the 
friction because: i) they produce more shear than non-patterned tools; ii) they reduces the abrasive 
wear and hence the movement of debris into cavity area gets reduced; iii) the contact area of tool-chip 
interface gets reduced; iv) they distribute effectively the contact stress at tool chip interface. The 
results of this experimental study demonstrate that patterning on the tool rake surface can extend the 
tool life and reduce machining time and costs during the hard turning process. 
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Air gap
Large shear
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Cross section by A-A’
Micro-pattern on insert rake surface
Chip
Air gap
Large shear
Small shear
Cross section by A-A’
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CHAPTER 7 
SUMMARY AND RECOMMENDATIONS 
 
 
 
7.1 SUMMARY 
In this work, the cryogenic coolant and micropatterned tool was used to improve the tool-life 
in hard turning process. A theoretical model was developed to predict the cutting force, temperature, 
and heat loss occurring during a machining operation. The effect of cryogenic cooling was included in 
the model by using the convective heat transfer coefficient based on heat transfer theory. It helped in 
calculating the reduction in temperature that occurs while using the cryogenic coolant in hard turning. 
Modified Oxley’s theory was used to predict the strain and strain rate in cutting mechanisms. Moving 
heat source model was coupled with modified Oxely’s cutting force model to calculate the cutting 
force in 2D orthogonal and 3D oblique cutting. Tool wear rate modeling for predicting the flank wear 
was also conducted based on the experimental observations.  
The developed model for cutting force and tool wear was validated using experimental 
findings. The results showed a reasonable good agreement for all the practical cases. Cryogenic 
cooling reduces the cutting temperature which in turn increase the cutting forces because of increase 
in strain stress and reduced shear angles in workpiece materials. In addition to that the high pressure 
of cryogenic coolant removes the abrasive hard particles. The temperature of cryogenic coolant 
decreases the micro-junctions weld and heat flux energy on flank faces of cutting tool. Therefore, the 
cryogenic cooling can be beneficial in achieving longer tool-life.  
FEM simulation predicted influence of micropatterned cutting tool surface on different output 
parameters. Four different types of patterns were used in cutting tool surfaces. The perpendicular 
pattern minimized the cutting forces than other types. The dimensions such as edge distance, pitch, 
height of pattern were optimized by the observations from the FEM simulation. Edge distance and 
pitch size of 100 mµ  and height 50 mµ respectively, are optimized pattern dimensions to achieve the 
lowest cutting force and frictions. Furthermore, the shear friction factor 0.2, 0.4, and 0.6 was used to 
quantify the frictional effect prevailing at the tool-chip interface. The shear friction of 0.6 was 
reasonable enough to predict the cutting force and friction for the micropatterned cutting insert.  
Micropatterns were fabricated by EDM machining on CBN cutting tool surfaces. Layer-by-
layer EDM machining process was used to develop patterns on surfaces. Optimized EDM cutting 
conditions provided good surface finish and accurate dimensions to achieve precise patterns on tool 
surfaces. They were then used in hard turning process at higher feed rate and surface velocities.  
A small reduction in cutting forces was observed between conventional and micropatterned 
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cutting tools. Furthermore, friction coefficients can be calculated from the observations of the chip 
thickness obtained from the modelling. Micropatterned cutting tool contributed in the reduction in 
friction factors. The improvement was more visible at low feed rates and surface velocities. In 
addition to that the results from the wear test suggested that the micropatterned tool can reduce the 
flank wear lengths as much as 9~11%.  
Overall as shown in Figure 116, this thesis contributes in the field of machining science by 
showing the different ways in improving of tool life and machinability during the hard turning process. 
The predictive models were also developed to analyze the cryogenic machining process. The practical 
results also suggested the possibilities of improving tool life using cryogenic coolant. Furthermore, 
the FEM and experimental work showed that micropatterned cutting tool can reduce the tool wear 
generation in hard turning process. 
 
 
Figure 116. Schematic of this thesis contribution to machining engineering science 
 
7.2 RECOMMENDATIONS 
This research establishes some of the ways of performing the predictive modeling of 
cryogenic machining and the use of FEM simulations to analyze the performance of micropatterned 
tool. Furthermore, it also presented the potentialities to improve machining efficiency by improving 
the tool-life. This research process is available to the material based slip-system for plasticity. 
Prediction modeling
Cryogenic cooling
Micropatterned
cutting tool
FEM simulationHard turning
Experiment
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Although this investigation was limited to hard turning process, but the same methodology can be 
extended to include other complex machining operations such as drilling, milling, grinding etc.  
Initially, the influence of cryogenic coolant and micropatterned tool was studied individually. 
In later part of the work, the effect of using micropatterned tool as well as cryogenic coolant 
simultaneously on hard turning was also investigated. This work can be further extended to 
understand its effect under various coated tool surfaces and also for various flow rate of cryogenic 
coolant. From the industrial point of view, economic feasibility of this process should also be 
investigated. Since the cryogenic machining is expensive as compared to conventional machining 
processes, hence its usage quantity can be optimized to make the process more economical. 
Furthermore, there is a need to establish the chip adhesion modeling. From mass production point of 
view, the efficiency of fabricating micropatterned cutting tool more economically, should be studied. 
The effect of different lubrication strategies on micropatterned cutting tool can also be investigated.  
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APPENDIX 
 
 
 
A. Example computation of modeling for cryogenic cooling  
CASE#5 ( sV  175 / minm  , f  0.2 /mm rev , pa  0.2mm  ) 
 
Input data 
- Reference temperature  
0T =25
oC   
 
- AISI52100 JC constants  
A=774.78MPa , B=134.46MPa , C=0.0173, n=0.3710, m=3.1701 
 
- AISI52100 mechanical properties  
Specific heat 0pC =475 / oJ kg C   
Thermal conductivity 0tK =46.6W/m
oC , Density workρ =7833
3/kg m  
Melting point mT =1480
oC , Thermal diffusivity 0ca =1.2*e-5
2 /m s  
 
- CBN geometries  
Rake angle=-6o, Inclination angle=-6o, Clear angle=-6o, Side rake angle=-6o 
Nose radius=0.8mm , hone radius=0.310mm , chamfer angle=-25o 
Chamfer length=0.16mm , Constraint 0.16T mm=  
Effective hone edge radius effr =0.039mm  ,  
Effective rake angle effα =-0.1351 rad  
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Effective side rake angle *sC =1.2031 rad , Uncut chip thickness 
*t =0.0719mm  
Effective cutting width *w =0.564mm , tool thickness tL =4.8mm  
 
- CBN material properties  
Density of tool toolρ =4370.1
3/kg m , Thermal conductivity 0t toolK −  =750
3/kg m  
Thermal expansion =44 / oW m C , Thermal diffusivity 0c toola − =1.3425*e-5
2 /m s  
 
For dry condition,  
Start algorithm 
 
Calculation of shear zone 
Iterated shear angle [0.2831 rad ] 
Shear plane length ABl =0.258mm , Deformed chip thickness ct = 0.235mm  
Shear velocity in shear plane sV = 3.167 / sm , Chip velocity cV = 0.8916 / sm  
ABγ =7.4958*e4, ABγ =1.9409, ABε =4.3277 *e4, ABε =1.1206 
nC =0.3469, θ =1.0280 rad , λ =0.6098 rad , contact lengths h=0.288mm  
 
Iteration start to find shear plane temperature 
yieldσ =1.074*e3MPa , pC =665.49 / oJ kg C ,  
tK =35.3369 / oW m C , ca =6.7789*e-6 2m / s  
Shear plane stress ABk =620.0MPa , Shear force sF =88.79 N  
Thermal energy on shear zone shearq =1.9610*e9
2/W m  
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Iterated temperature on shear zone ABT =353
oC  
 
Iteration start to frictional zone temperature 
Cutting force cF =126.4 N , Thrust force tF =116.5 N  , for orthogonal cutting 
Thermal energy on frictional zone frictionalq =5.4853*e8 2/W m  
Iterated temperature of shear zone on chip side csT =213.8
oC   
Iterated temperature of frictional zone on tool side intT =678.8
oC  
Iterated temperature on frictional zone on flank face of tool flankT =119.5 oC  
Iterated temperature on thermocouple location thermocoupleT =148.2 oC  
 
Calculation of chip side 
intτ =615.3MPa ,  
intγ =7.5815*e4, intε =1.3131 *e5, intε =2.2412 
intyieldσ − =1.06MPa , intchipk − =612MPa  
 
Calculation of ploughing force 
cutP =53.8 N , thrustP =88.19 N  
 
Calculation of 3D oblique cutting force 
1P =180.2 N , 2P =191.0 N , 3P =73.64 N  
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For cryogenic condition, to get flankT =119.5 oC   in dry condition 
 
Start algorithm 
- Cryogenic convective coefficients and heat loss energy 
cryoh =23.663
2/kW m , 2LNT =-196
oC , cryoq =7.466*e6 2/W m  
 
Calculation of shear zone 
Iterated shear angle [φ =.2628 rad ] 
Shear plane length ABl =0.258mm , Deformed chip thickness ct  = 0.255mm  
Shear velocity in shear plane sV =3.135 /m s , Chip velocity cV = 0.8219 /m s  
ABγ =6.9103*e4, ABγ =2.0687, ABε =3.9897 *e4, ABε =1.1944 
nC =0.3539, θ =1.0368 rad , λ =0.6389 rad , contact lengths h=0.317mm  
 
Iteration start to find shear plane temperature 
yieldσ =1.074*e3MPa , pC =665.49 / oJ kg C ,  
tK =35.3369 / oW m C , ca =6.7789*e-6 2m / s  
Shear plane stress ABk =620.0MPa , Shear force sF =88.79 N  
Thermal energy on shear zone shearq =1.9610*e9
2/W m  
Iterated temperature on shear zone ABT =353
oC  
 
Iteration start to frictional zone temperature 
Cutting force cF =134.2 N , Thrust force tF =131.2 N  , for orthogonal cutting 
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Thermal energy on frictional zone frictionalq =5.2087*e8 2/W m  
Iterated temperature of shear zone on chip side csT =229.9
oC   
Iterated temperature of frictional zone on tool side intT =598.0
oC  
Iterated temperature on thermocouple location flankT =-89.9 oC  
 
Calculation of chip side 
intτ =633.7MPa ,  
intγ =6.4434*e4, intε =1.1160 *e5, intε =2.3888 
 
intyieldσ − =1.0934MPa , intchipk − =631.3MPa  
 
Calculation of ploughing force 
cutP =50.9 N , thrustP =98.8 N  
 
Calculation of 3D oblique cutting force 
1P =185.1 N , 2P =215.4 N , 3P =80.8 N  
 
Figure 117. Iterated shear angle for cryogenic cooling and dry condition 
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B. Measurement data of tool geometries 
 
B.1 2D orthogonal cutting CBN tool 
 
Figure 118. CBN tool edge geometries of orthogonal cutting test: 
Chamfer length 0.245mm , Chamfer angle -25o, and hone radius 0.293mm  
 
 
B.2 3D oblique cutting CBN tool 
 
Figure 119. CBN tool edge geometries of oblique cutting test: 
Chamfer length 0.16mm , Chamfer angle -25o, and hone radius 0.31mm  
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C. Measured flow rate for LN2 
 
Figure 120. Measured flow rate using turbine flowmeters (1.5~1.8 GPM (average 6.8 / minL )) 
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D. Repeatability test of cutting force in cryogenic cooling and dry condition 
 
The cutting condition of repeatability test set as Table 20. Figure 121 to Figure 126 represents 
the results of repeatability test. If the feed rate is 0.2, the average deviations is reduced in thrust and 
feed forces. There are reasons that are materials hardness deviations, tolerances of tool geometries, 
cutting stability, and machining structures. The deviations of feed force are higher than cutting and 
thrust forces. However, it was not main contribution to wear then, it can reject.  
 
Table 20. Cutting condition and average deviations in repeatability test 
Exp# 
(refer to 
Table 8)  
Cutting parameters 
Condition 
Average deviations % 
/ minV m   / revf mm  pa mm  1P   2P  3P  
1 100 0.1 
0.2 Cryogenic jet 
-1.7 20.4 22.8 
2 175 0.1 -7.6 -28.9 -12.9 
4 100 0.2 -8.7 1.9 7.9 
Average deviation % -6 -2.2 5.9 
3 175 0.1 
0.2 Dry 
4.7 9.6 52.5 
5 175 0.2 -1.8 -6.6 19.7 
6 250 0.2 -0.1 -1.8 30.7 
Average deviation % 0.9 0.4 34.3 
 
 
Figure 121. Repetabilty test for cryogenic condition at V 100 / minm , f 0.1 / revmm  
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Figure 122. Repetabilty test for cryogenic condition at V 175 / minm , f 0.1 / revmm  
 
 
Figure 123. Repetabilty test for cryogenic condition at V 100 / minm , f 0.2 / revmm  
 
 
Figure 124. Repetabilty test for dry condition at V 175 / minm , f 0.1 / revmm  
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Figure 125. Repetabilty test for dry condition at V 175 / minm , f 0.2 / revmm  
 
 
Figure 126. Repetabilty test for dry condition at V 250 / minm , f 0.2 / revmm  
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